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Abstract

Optimisation of Heat Sink Design
Kevin Moore
Abstract
In the field of electronics cooling and more specifically processor cooling, the
ability to cool a micro-chip is becoming a major issue. Power dissipation in home and
office computers has risen from 30W to over 120W in the past 10 years, forcing heat
sink designers to search for new ideas in the design of their heat spreaders.

This thesis studies in detail the fundamental technical designs used for modern day
processor cooling. Using Computational Fluid Dynamics (CFD), various different
pin/fin shapes were analysed to determine which yielded maximum heat transfer and
contact area with forced air flow. Elliptical and teardrop shaped pins displayed that
they were efficient in maintaining a streamlined flow around the pins while
maximising convective heat transfer. Experimental free convection testing was carried
out on four different flat plate materials which supports the use of aluminium in the
manufacture of heat sinks. Further free convection testing was carried out on three
processor heat sinks, where thermal imaging demonstrated how efficient they were at
spreading heat. The heat sinks were also tested to determine which type of heat sink,
i.e. long fm or pins, had the best characteristics for free convection cooling.
The key recommendations resulting from simulations and experimental testing
suggest that further development of the elliptical and teardrop shaped pin heat sinks
should be undertaken. They show potential to be very efficient heat sinks but this
needs to be investigated further.
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1.1

Introduction to Optimisation of Heat Sink Design

Introduction to Optimisation of Heat Sink
Design

Research Background
As the size of components in the electronics industry is progressively getting

smaller the power density is getting larger, and thus the heat being generated is also
getting larger. The reliability of these electronic devices is highly dependent on them
remaining cool. One method of dissipating heat is to use carefully designed heat
spreaders called heat sinks.

Research into heat sinks has been going on for the last thirty years or so with many
paths taken. Some research has delved into complicated areas such as combining
intercoolers with heat sinks, however there is still a lot of unanswered questions
which need to looked at in relation to simple heat sink design. Optimisation
techniques are wide and varied in this field of electronics cooling and focus on many
variables such as pin height, pin shapes, pin spacing, various aspect ratios and
geometrical orientation of pins.

The research undertaken for this thesis investigates some of these “unanswered
questions” which are associated with basic heat sink design. Some of the unanswered
questions are described in detail in chapter 2. The main focus of this research is the
types of fins which are used for heat sinks. Areas of optimisation which are
considered relate to heat sink material, pin shapes and geometrical orientation. Both
natural convection (also known as free convection) and forced convection will be
considered for optimisation analysis of the heat sinks.

1.2

Research Objectives
The aim of this research is to analyse heat sinks and determine how to

optimise heat sinks for cooling processors. The analysis will involve modelling of
various pin shapes using computational fluid dynamics (CFD) and experimental
testing of heat sinks which were used for cooling pentium 2 processors.
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The main objectives of the research are as follows:
Use CFD to model the proximity effects of two pins in line for four
shapes. The pin shapes modelled are circle, square, ellipse and teardrop
pins
Model aligned and staggered pin arrays to determine which arrangement is
more efficient for cooling processors.
Determine from the pin array analysis which of the four shapes is the most
optimum for cooling processors.
Experimentally undertake a thermal analysis of flat cooling plates made
from four materials, aluminium, copper, mild steel and stainless steel. The
results should reveal the reasons why aluminium is the most commonly
used material for electronics cooling applications.
Experimentally test the flat plates in a horizontal and vertical orientation to
determine which of the two achieves the highest heat transfer coefficient.
Carry out a thermal analysis of three heat sinks (pin array, long fin and
folded fm), investigating if they perform more efficiently when mounted
horizontally or vertically.
Directly compare the thermal performance of the long fin and pin array
heat sinks to find out which of the two is the optimum design for their
intended use.

The thesis is broken into three main sections, section 1 contains literature research,
section 2 is based on CFD analysis and section 3 documents experimental testing.
Each section is broken into chapters as follows:

Section 1

Literature Review

Chapter 2:

This chapter introduces the history and motivations behind the topic of
heat sink optimisation. The work carried out by other researchers in the
area of heat sink design is discussed in detail.

Section 2

CFD Analysis

Chapter 3:

The process of validating the CFD software to assess its suitability for
undertaking a pin shape analysis is detailed in this chapter. A single
circle in flow is used as a benchmark for this validation.
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Chapter 4:

Introduction to Optimisation of Heat Sink Design

A pin shape analysis is modelled using CFD and detailed in this
chapter. The analysis includes the modelling of two pins in flow to
investigate proximity analysis, modelling of four shapes to find out
which is more effective for forced convection cooling and an
investigation of whether a staggered or aligned pin array is more
effective.

Section 3

Experimental Testing

Chapter 5:

Flat plates are subject to an experimental thermal analysis. The main
objective of this chapter is to explain through experimental testing why
aluminium is the most commonly used material for electronics cooling.

Chapter 6:

Heat sinks are experimentally tested in this chapter to determine
whether heat sinks are more efficient for natural convection cooling
when mounted horizontally or vertically. Two heat sinks are directly
compared to determine which of the two is the optimum design for
their designated use.

Chapter 7 contains the discussion, conclusions and recommendations based on the
work detailed throughout the thesis.
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Chapter 2

Chapter 2
2.1

Literature Review

Introduction
“The complexity for minimum component costs has increased at a rate of

roughly a factor of two per year

...

Certainly over the short term this rate can be

expected to continue, if not to increase. Over the longer term, the rate of increase is a
hit more uncertain, although there is no reason to believe it will not remain nearly
constant for at least 10 years. That means by 1975, the number of components per
integrated circuit for minimum cost will be 65,000. I believe that such a large circuit
can be built on a single wafer. ”
Gordon E. Moore (1965)

The above statement is a prediction which was made by Gordon Moore [1], co
founder of Intel. What is being said, is that the density of transistors that can fit on a
single wafer would double each year. This figure would later be corrected to a
doubling in capacity every 2 years. This prediction became widely accepted in the
electronics industry and was to become known as Moore’s Law. Looking at figure 2.1
[2] evidence of this law is seen with reference to Intels data on its processor
development. Each year the number of transistors on a single processing chip is
logarithmically increasing.

Figure 2.1: Intel’s timeline on processor development [2]
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The increase in the number of components being placed into a micro-chip is directly
related to its power dissipation. Figure 2.2 represents the increase in power dissipation
reported by Intel over time. In 1989 the power being dissipated by the 486 DX
(25MHz) processing chip was 4 Watts, compared to the 3.6GHz Pentium 4 processor
being produced in 2004 which dissipates 115W [3].

Year

Figure 2.2: Timeline of Intel’s Processor Power dissipation

This increase in power dissipation is due to a combination of increase in the number
of transistors on the chip and the clockspeed of the chip. For example, a 486 DX
processor which operated at 50MHz had 1.2million transistors in the chip. A Pentium
4 chip with a clockspeed of 3.2GHz contained 55 million transistors [3]. Figure 2.3
shows the development of clockspeed vs. year. The increase in clockspeed curve is
very similar to the increase in power curve in figure 2.2.

The chip footprint is remaining more or less constant so the power density is
increasing. Thus there is more heat being dissipated from the processors. It is
important to dissipate this extra heat without increasing the junction temperature of
the processor as the lifetime, performance and reliability of any IC (integrated circuit)
is a function of its maximum operating temperature. Processors have a maximum
allowable Junction temperature is 90°C and the maximum allowable operating
temperature is 55°C [4]. The most common symptoms of an overheating processor are
Page I 5
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system crashes, lockups and random reboots. An overheating processor can also
manifest itself through memory errors, application errors, disk problems, or a host of
other things.

2.2

Processor Cooling
The processing chip, such as the one in figure 2.4, is the most important

element in a computer as it is the component which carries out all operations and
calculations. It is critical that processors are kept within their operating temperature
range because, as explained previously, while doing work they generate heat which
can potentially damage the processor by reducing its life span or burning it out
completely.

Page I 6
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Figure 2.4: Intel Pentium III Processor, 500 MHz

The current method of controlling the temperature of processing chips is by use of a
heat sink which is mounted directly onto the processor, as seen in figure 2.5. The heat
sink has an arrangement of pins/fins on it which create a large surface area, allowing
the power from the processor to be dissipated to the atmosphere by means of
convective heat transfer.

Figure 2.5: Dell Heat Sink on Intel P4 Processor

Televisions and stereos have used heat sinks for years, and they can also be found in
power supplies and on motherboards (i.e. the circuit board which holds the processing
chip). These are now sometimes called "passive" heat sinks as well, the term meaning
simply that there are no moving parts with this type of device.
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Figure 2.6: Typical Heat sinks

Aluminium is used because of its high heat transfer capabilities, its low cost and ease
of machinability. The metal of the heat sink draws heat from the processor and air
flowing through the fins on the heat sink cools it. The larger the heat sink and the
larger the fins on the heat sink, the better the cooling.

2.2.1

Heat Sink Categories

With advancements in technology and packaging techniques it has become necessary
for heat sinks to be developed which can cope with the rapid increase in power
dissipation. As a result, there exists five main categories of heat sinks: Passive heat
sinks, semi-active heat sinks, active heat sinks, liquid cooled plates and phase change
recirculating systems [5]. The heat sinks have a base and a series of pins or long fins.
These pins/fins allow air to circulate around the heat sink to enable power dissipation.
Each of these heat sinks are attached to the processing chips using either mechanical
clips or adhesive. These adhesives are thermally conductive adhesives which have a
low thermal resistance to enable maximum efficiency in heat transfer to the heat sink.
In the case where clips are used a thin layer of thermal paste is placed between the
heat sink and the chip. This paste, like the adhesive, has a low thermal resistance to
allow efficient heat transfer to the heat sink.

Passive heat sinks are the most basic form of heat sink. They are mainly used in
cases where cooling by natural convection alone is sufficient. The typical pin/fin
height is 10mm and operating load ranges from 5 to 50W [5]. Figure 2.7 shows an
example of a passive heat sink with vertical straight fins mounted on a motherboard.
Page I 8
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Figure 2.7: Straight fin passive heat sink

Semi-active heat sinks operate in a very similar way to passive heat sinks in the
sense that they do not have any dedicated air supply system. They make use of the
cooling air being inducted into the system by system fans. The pin/fin height, like the
passive heat sink is ~ 10mm. the normal operating load for semi-active heat sinks is
15 to 25 W [5]. This type of heat sink can be seen on Intel’s 486 processors and the
first generation the Pentium and Pentium 11 processors.

An active heat sink or CPU fan is an enhancement to the standard or passive heat
sink. It too uses a finned piece of metal attached to the surface of the processor to
conduct heat away from the CPU so it can be cooled by air. However, active heat
sinks go one step further, incorporating a small fan that blows directly onto the heat
sink to ensure forced air cooling. An example of this arrangement is shown in figure
2.8. This removes the passive heat sink's dependency on the power supply fan for
cooling the processor. Pin/fin height ranges from 35 to 80mm and operating loads go
from 10 to 160W [5].

Figure 2.8: Fan assisted heat sink
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Liquid cooled cold plates are based on the concept of using liquid fluids to cool the
processors. Typically, with the previous categories, air is the fluid which is used.
Liquid cooling involves the pumping of water, oil or other liquids through tubes in
block designs or milled passages in brazed assemblies [5]. Liquid cooled plates load
capacity is dependent on the number of banks of tubes used and the fluid inside them.
Figure 2.9 shows a liquid cooled cold plate.

Figure 2.9: Liquid cooled cold plate

Phase change recirculating systems operate on the same principle as refrigerators.
They involve a two phase system using a boiler and a condenser in a passive, self
driven mechanism. Heat pipe systems incorporate either no wicks in a gravity fed
arrangement or wicks that do not require gravity feeds. Solid to liquid systems also
exist but they are usually used to moderate transient temperature gradients rather than
dissipate heat. Two phase systems are used in systems which dissipate 100 to 150W
[5].

2.2.2

Heat Sink Types

As well as having heat sinks that operate in different manners, there are a range of
heat sinks which have been manufactured using different processing techniques,
depending on the final shape which is required. The most common types are
stampings, extrusions, bonded/fabricated fins and castings:
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1. Stampings: Sheets of copper or aluminium are stamped into the desired
shapes as in figure 2.10 (a). After stamping, post-production is applied in
the form of taps and clips which aid in attaching the heat sink to PCB’s
(printed circuit boards). Stampings are used for air cooling electronic
components where the power density is low. In the cooling of Intel
processors, stampings were suitable for the earlier processors (i.e. the
486DX or the original Pentium processor), however they are not suitable
for cooling processors such as the Pentium 4 as the power density is too
high [5].

(a)

(b)

Figure 2.10: Heat Sink (a) stamping; (b) extrusion

2. Extrusions: This process involves forcing the heat softened metal through
a die to produce complex two dimensional shapes. This type of heat sink
(figure 2.10 (b)) is capable of dissipating large power loads. After
extrusion has taken place further machining can be applied to the heat sink
to produce the required pin/fin shape. Also extrusion allows serrated
pin/fms to be produced which can improve performance from 10-20% [5].
Extrusions limit design parameters such as the fin height to fm gap aspect
ratio, the minimum fm thickness to fin height, and maximum base to fin
thickness. The height to gap aspect ratio can be up to 6 and the minimum
fin thickness which can be achieved is 1.3mm [5].
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3. Bonded/Fabricated Fins (figure 2.11): Heat sinks of this type are
considered to be high performance heat sinks. An aluminium filled epoxy
is used to bond planar fins onto a grooved extrusion base plate, allowing
for a greater fin height to gap aspect ratio of 20 to 40. This increases the
cooling capacity without increasing volume requirements [5].

Figure 2.11: Bonded Fin Heat Sink

4. Castings: Three types of casting process are used to produce heat sinks.
These are sand casting, lost core casting and die casting. Cast heat sinks
are used to provide maximum performance for impingement cooling as
they contain high density pins/fms

Sand casting involves making a mould by compacting sand into a negative
shape of the heat sink required. The mould is closed and the molten
aluminium, copper or bronze is poured in through a funnel and allowed
cool. The sand is then broken off the now solid heat sink and machining is
done to remove sprues, runners and flashings. Sand casting is most
suitable where low volume production is needed. It is time consuming and
a new mould has to be made up for each new heat sink [5].

Lost core casting starts with an exact wax model of the heat sink being
made. This wax model is attached to a tree and then the entire tree is
dipped and coated in a ceramic shell. Once the ceramic shell has solidified
the tree is heated and all the wax is melted out of the ceramic tree leaving
behind a mould. This mould is then filled with the molten metal. When the
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metal cools and solidifies the ceramic shell is broken of the metal tree and
the heat sinks are then cut off the tree. Any waste is recycled. This type of
casting is suitable for medium to high volume mass production [6].

For die casting, a hardened steel split mould is made up. The molten metal
is then injected into the mould at high pressure. When the molten
metal/alloy has cooled and solidified the mould is split and the heat sink
ejected. This type of process produces a part with accuracy and a good
surface finish. Die casting would only be used for high volume mass
production as the moulds can be expensive to make up but they last for a
long periods of time [6]. Figure 2.12 shows an example of a die-cast
aluminium alloy heat sink

Figure 2.12: Die-cast aluminium heat sink

Folded Fins: Figure 2.13 shows a sheet of aluminium/copper is folded up
to make a corrugated sheet. This is then attached to a heat sink base by
means of bonding or brazing. It works due to the large surface area created
by the folded fins which aids in more efficient heat transfer [5].
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Figure 2.13: Folded Fin Heat Sink

2.2.3

Alternative Techniques Used for Processor Cooling

Due to space constrictions and the desire to miniaturise packages and components,
new technologies are being used in conjunction with heat sinks to assist in cooling. A
standard tool is used is a fan. In earlier PC’s (such as ones with a Pentium II
processor), the fan was known as a case fan as it served the entire desktop unit and not
specifically the processor heat sink. More recent PC’s, with P4 chips upwards have
their own dedicated fans mounted to the heat sink for cooling.

Laptops have limited space and low power requirements which has led to the
development of heat sinks with intercooling pipes running through them. This can be
seen in figure 2.14, which is a heat sink taken out of a Core II Duo laptop.

Graphics Chip

Heat Sink
Heat Pipes

(a)

(b)

Figure 2.14: Laptop Heat Pipe (a) Top; (b) Bottom
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The entire frame of the heat pipe is made from an aluminium alloy and serves as the
heat sink. The central platform is where the processor is attached. The other smaller
square, to the left in figure 2.14 (a), is where the graphics chip was attached. On the
bottom side of the heat sink, figure 2.14 (b), two copper tubes can be seen known as
heat pipes. The process inside the heat pipe is sketched in figure 2.15 [7]. The heat
pipes have a liquid in them that evaporates when heated by the processor. The
evaporation cools the processor and the gas moves towards the small channel heat
sink attached to the end of the tube (top right of figure 2.14 (a); bottom left of figure
2.14 (b)). At this point the gas condenses and is absorbed by a wick releasing heat to
the heat sink and the power is then dissipated to the atmosphere.

Casing

Heat pipe thermal cycle
1) Working fluid evaporates to vapour absorbing thermal energy.
2) Vapour migrates along cavity to lower temperature end.
3) Vapour condenses back to fluid and is absorbed by the wick,
releasing thermal energy
4) Working fluid flows back to higher temperature end.

Figure 2.15: Heat Pipe Proeess [7]

One major limitation with heat pipes is that they can only be built for specific
temperature ranges. For example, for ultra-low temperatures the working fluid may be
nitrogen and for normal electronics cooling the fluid has to be different, such as
distilled water mixed with acetone. If the processor overheats beyond the working
fluids temperature range, the fluid will completely evaporate into a gas and will not
circulate around the tube. The tubes ability to transport the heat to the end of the tube
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will eease and the processor will be likely to suffer permanent damage in the short
term [8].

Peltier/thermoelectric coolers (TEC’s), such as the ones in figure 2.16, can also be
used for cooling processors. A limitation of the Peltier coolers is that they are highly
inefficient for cooling applications. Also, if the power to the TEC fails, and the
processor keeps running, it will overheat [9].

Figure 2.16: Peltier/Thermoelectric Cooler

In 1821, J.T. Seebeck discovered a junction based phenomenon which is now known
as the Seebeck effect. The Seebeck effect occurs when two dissimilar metals
connected at 2 different junctions develop a micro-voltage if the two junctions are
held at different temperatures. Thermocouples work on this operating principle [9].

Jean-Charles Peltier was experimenting with the Seebeck effect in 1834 and
discovered that if the process was reversed and a voltage was applied to the
thermocouple then a temperature difference would occur between the junctions. This
became known as the Peltier effect and is now used as the basis for
Peltier/thermoelectric coolers [9].

A thermoelectric cooler (figure 2.17 [10]) is made up of 2 thin ceramic wafers with a
series of P and N doped bismuth - telluride semiconductor material between them
[11]. The ceramic wafers give the unit rigidity and provide insulation from the
electrical internal semiconductor.
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semiconductor
of p-type
semiconductor'
ofn-type isolator
(ceramics)

hot
side

Figure 2.17: Thermoelectric Cooler Internal Parts [10]
Within the semiconductor material (figure 2.18 [10]) the N type material has an
excess of electrons while the P type material has a deficit of electrons. As the current
moves from the P type material to the N type the electrons jump to a higher state of
energy, which results in thermal energy being absorbed. The heat absorption causes
the P - N side of the module to become cold. As the electrons then move from N type
material to P type, the drop to a lower energy state and the energy released is released
in the form of heat. The N -P side of the module becomes hot as a result [11].

Cold Side

+

n

p

n

p

Hot Side
Figure 2.18: Thermoelectric Cooler Operation [10]
Thermoelectric coolers can be used as heaters as well as cooling. In order to switch
the module from a cooler to a heater the user only has to do is switch the direction of
the current flow. This makes peltier coolers an good tool for heating the heat sinks for
their analysis. They can be bought in a size that is very similar to a processor chip
(40x40mm) which makes them a good selection to simulate chip conditions during
testing.
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Heat pipes and thermoelectric cooling are just two of many assistive tools used in
conjunction with heat sinks for cooling processor chips. They have many advantages
and work effectively. However, one serious disadvantage is that the processor can be
damaged if the TEC or the heat pipes fail while the processor is operation. This is
because they are dependent on many things such as the vaporisation of a fluid, or
power to operate. A more optimum approach to processor cooling is a heat sink
without moving parts that can fail. Other than cost reduction, this is one of the
primary reasons that classic heat sink design analysis is still being researched.

2.3

Free Convection Plate Analysis Theory
Electronic devices have complex layered architecture to achieve the devices

desired function. The core which generates the heat must be kept cool. The cooling of
these devices uses all three heat transfer mechanisms, namely conduction, convection
and radiation. Assuming external temperatures are relatively low, the cooling
contributions from radiation are negligible. Convection is the primary concern in this
thesis on optimisation of heat sink design however it is important to briefly discuss
the important role of conduction for processor cooling.

Thermal conduction is based on the transfer of energy in a solid through the vibration
of solid molecules when the object is heated [12]. Cooling of the processor begins
within its core. Heat is conducted from the core through the pins and casing up
towards the heat sink. The bridge between the processor and heat sink is created using
thermally conductive pastes. These paths of conduction are essential for the
convection process to be successful. If the heat generated in the core cannot be
conducted to the pins it will not be removed by convection. Conduction is maximised
by reducing the spreading resistance of the chip casing and heat sink base plate, the
contact resistance between joints and maximising the fm conductivity.

The process of heating and cooling heat sinks and metal plates is described as
convective cooling. Convection is a heat transfer mode which is based on the transfer
of energy through diffusion and through the motion of the fluid involved. This type of
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heat transfer seen in figure 2.19 is described using Newton’s law of cooling (equation
2.1) [12]:

q''=h(T,-TJ

(2.1)

Where (^"(W/m^) is the heat flux input into the system and is proportional to the
temperature difference between the object surface and the fluid temperatures Ts and
Too respectively. The heat flux is also proportional to h (WWK) the convection heat
transfer coefficient.

Flow

Ts

Generally in cases where convection is being studied, one of the main objectives is to
determine h as the power input and the change in temperature are user defined and
measured respectively [12]. Analytical calculations for h can be made for very basic
problems, but for more complex cases, it is obtained experimentally [13]. Values for h
typically range between 2 and 25 W/m^K when the fluid is a gas and more specifically
between 5 and 10 wWk when dealing with air [12].

For the purposes of this study the type of flow being dealt with is external free
convection flow. The first stage in resolving the heat transfer convection coefficient,
h, is to determine the Rayleigh number. The Rayleigh number (equation 2.2) is the
product of the Grashof number and the Prandtl number [14].

Ra, = Gr, Pr

(2.2)

Page I 19

Chapter 2

Literature Review

The Grashof number is a dimensionless group which represents the ratio of the
buoyancy forces to the viscous forces in the free convection flow system. It is also the
primary criterion used for the transition from laminar to turbulent boundary layer
flow. The Grashof number is calculated using equation 2.3 [14].

Gr^

=

(2.3)

where g (m/s^) represents gravity and L (m) represents the characteristic length of the
plate. The characteristic length of a vertical plate is the height of the plate, however
with a horizontal plate the characteristic length is defined in equation 2.4 as [14]:

P

(2.4)

where As (m^) is the plate surface area and P (m) is the plate perimeter. Also in
equation 2.3 is the term v^(m^/s), which represents the kinematic viscosity. P (K"') is
the volumetric thermal expansion coefficient. P is the thermodynamic property of the
fluid that provides a measure of the amount by which the density changes in response
to a change in temperature at constant pressure [12]. This is defined by equation 2.5
[15]:

T,

(2.5)

where 7/is the film temperature. The film temperature is the mean boundary layer
temperature and is used because the fluid properties vary with temperature across the
boundary layer, affecting the heat transfer rate. It is calculated as follows [15]:

t-IsIL

(2.6)
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The Prandtl number is a ratio (equation 2.7) of the kinematie viscosity r(m^/s) to the
thermal diffusivity cir(mVs) of the fluid. It relates the relative thickness of the
hydrodynamic and thermal boundary layers.

(2.7)

Pr = —

a

The thermal diffusivity, «(m^/s), is the ability of a material to conduct thermal
energy relative to its ability to store thermal energy [12]. By substituting equations 2.3
and 2.7 into equation 2.2, the expression for the Rayleigh number becomes [14]:

Rqi =

gm-TJL^ y
a

(2.8(a))

which may be re-written as.

Rqi

=

gm-TjL^
va

(2.8(b))

It is now possible to calculate the average Nusselt number {Nui.). This is a parameter
which is equal to the dimensionless temperature gradient of the fluid at the surface
and gives a measure of the convection heat transfer occurring at the surface. The
general form of the equation is [16]:

Nui. =CRa:

(2.9)

Where C and n are constants are which are dependent on the Rayleigh number and
whether the plate is being heated from above or below. When calculating the Nusselt
number for the upper surface of a heated horizontal plate as shown in figure 2.20 (a)
[14], either equation 2.10(a) or 2.10(b) may be used.

Nui. = 0.547^^7,

(lO' <Ra, <10')

(2.10(a))
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Figure 2.20: Heated Plates (a) Horizontal; (b) Vertical [14]

In the case of the vertical plate (figure 2.20 (b) [14]) with laminar flow, the
recommendation for the Nusselt number is as follows [16]:

Nui. =0.59Ra[X

(2.11)

Churchill & Chu [17] suggested that by using equation 2.12, a more accurate solution
may be obtained for laminar flow.

—
^
Q.eiRaA
Nui. = 0.68 +---------------- —

<10')

(2.12)

1 +(0.492/Pr)'

Finally, the heat transfer convection coefficient, h is found using equation 2.13, where
the term k represents the thermal conductivity of the air and has units W/mK.

h = — Nu /,
L

(2.13)
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2.4

Heat Sink Optimisation Literature Review

2.4.1

Geometrical Orientation and design of heat sink Pins/fins

Fin geometries are a very important aspect of heat sink optimisation. In one of the
earliest papers written by Tuckerman & Pease [18] it was suggested that by altering
the fin geometries an optimum heat sink could be designed. The main parameters that
are concentrated on in relation to the heat sink are the pin/fin length, height, pin
diameter, channel width, aspect ratio, and channel width to fm width ratio. Other
important parameters include the base size and thickness, and the number of fins
which are determined by the pin/fin length and spacing.
Through experimental and numerical analysis Maveety [19] attempted to optimise a
heat sink used for the passive thermal control of a C4 mounted organic land grid array
(OLGA) thermal test chip. The parameters investigated included the base plate
thickness, fin geometry, nozzle to heat sink spacing (for jet impingement), and the
possible use of a deflector plate for recirculating lost air.
Experimentation was carried out using heat sinks with square pin fins, made from
aluminium. Steady state air impingement allowed the assessment of the heat sinks
cooling capabilities. The airflow for all tests was turbulent in nature with the
Reynolds number varying between 9000 and 26000. A 13x13 fin array was used as a
starting geometry, placed on a 50.8x50.8mm base. This was mounted on an OLGA
test chip with dimensions of 12xl2x3mm, with a power generation of 30W. To reduce
contact resistances between the chip and the heat sink a contact force of 25N was used
for all experiments. Three “36” gauge copper constantan thermocouples were utilised
to measure the temperatures within the heat sink.
Numerical analysis was carried out using the Flomerics, Flotherm CFD package.
Assumptions included incompressible flow; buoyancy and radiation heat transfer
effects were negligible; and constant thermodynamic properties. Five pin fin array
geometries of n x n (n = 5, 7, 9, 11, and 13) were analysed with the condition of total
thermal resistance 0ja being a function of Reynolds number, n refers to the number of
pins in each row and column.
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Maveetys [19] objectives were to maximise heat transfer, minimise fm size, and
develop a system of equations that will work with a wide range of pin/fin shapes. The
process began with calculating the heat transfer dissipated from a single fin.

Q = {T,- 7; )^hPkA • tanh(m//)

(2.14)

where, Tb is the base temp (°C), Ta is the ambient temp (°C), h is the heat transfer
coefficient, P is the fin perimeter (m), k is the fin conductivity (W/mK), A is the pin
cross sectional area (m") and mH is the characteristic fin length (m). Figure 2.21
details the heat sink characteristics. From equation 2.14 the following equation was
deduced for square pins/fins

tanh

H

(2.15)

/t* ~ 1
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Figure 2.21: Schematic Detailing Heat Sink Dimensions [19]

Through differentiation equations were thus developed for the optimal fin thickness
Df opt and the optimal fin height H opt:

Df,opt

\4h
^1.4192 V k j

(2.16)
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=1-2629

y Ah J

(2.17)

Maveety and Jung [19] looked at the effect of the nozzle placement with respect to
Reynolds number. It was determined that that the nozzle placement was an important
factor in reducing thermal resistance at a Reynolds number of 10"^, however at Re of
1.5 X lO'^ the nozzle placement had little effect on cooling performance. At a Reynolds
number of lO"^ it was determined that the best cooling effect occurred when the nozzle
height to nozzle diameter ratio was between 8 and 12. Also, in relation to total thermal
resistance, 0ja reduces with increased Reynolds number due to the turbulence created.
The turbulence increases with nozzle to heat sink vertical spacing, until it reaches a
maximum. However, there is a trade-off here because if the Reynolds is increased, the
effect of the turbulence is high so the nozzle to heat sink spacing needs to be reduced.
Looking at Reynolds number in connection with the number of fins, the 7x7 grid array
(which is deemed to be the most optimum array) outperforms the base model which
had a 13x13 grid for all values of Reynolds numbers. This shows that the number of
fins has a direct impact on the performance of the heat sink, thus highlighting the
importance of optimisation.

In a case where the nozzle height to diameter ratio (z/D) was 10, different heat sink
arrays were tested at three different Reynolds numbers, 9800, 15100 and 25400.
Results showed that the thermal resistance, Oja, was less sensitive for fm arrays
of5 < « < 9, at a Reynolds number of 25400. At all three Reynolds numbers the heat
sinks consistently performed worse where n>\ \. In general, with the smaller fin
arrays the flow is more evenly distributed within the channels and as a result the fins
are cooled more uniformly. Also, where the turbulence created is larger, there is a
lower more uniform temperature within the channels. Lateral spreading is enhanced
and thus there is more efficient use of the fin array. The Nusselt number is greater for
arrays where n<l. At lOW, the thermal resistance (Oja) is minimised in a 7x7 array
even though the 5x5 array has a higher Nusselt number. The 5x5 array is a least
material design, but it is proved here that sometimes weight saving can lead to a non
optimum design.
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Due to size constraints the maximum height of the fins was limited to 15mm. during
testing the shorter fins were found to be a non-optimal design. The thermal resistance
became sensitive as the height was increased from 9 to 15mm, in which the cooling
performance also increases by 13.8%. As the length is increased so does the material
and manufacturing costs. It needs to be determined whether, even though the longer
fins are a bit better, is the improvement enough to justify the costs associated with
them.

Maveety and Jung [19] compared the fin diameter (Df = 5.08mm, calculated using
equations mentioned earlier) to optimal fin diameter at fin lengths of 9mm, 15mm and
21mm and varying Reynolds numbers. At low Reynolds numbers there is a better
agreement between Df and Df opi for fm heights of 15 and 21mm. However, theoretical
values for the optimal fin diameters approach the actual fm diameter for a fin height
of 9mm at high Reynolds numbers. Again there is a trade-off here for material usage.
The fm heights have already been given a constraint of 15mm so although results
were satisfactory at low Reynolds numbers, they cannot be used because the
maximum fm height was set to 15mm. The base thickness was found to yield the
lowest thermal resistance between 4 and 6mm, which will have an impact on the fm
height.

Using the 7x7 grid array and a Reynolds number of 1.5x10“^, a deflector plate was
placed l-2mm above the heat sink. It was shown that the introduction of this plate
reduced thermal resistance by a further 11.8%. This is because there is more turbulent
mixing present and there is more air kept within the fm area. Also there is a more
uniform air movement along the fin heights. Air velocities increase from 9m/s to
1 Im/s within the fin area.

Similar to Maveety and Jung [19], Shih and Liu [20] carried out an analysis on the
vertical inlet cooling of heat sinks. The test case used was the long fm heat sink used
on the AMD Thunderbird 1-GHz processor. The aim was to generate an optimum
design methodology using one or other of entropy generation strategy, prescribed heat
dissipation or prescribed surface temperature. This was done using formal constrained
nonlinear programming to obtain the maximum heat dissipation. It was assumed that
there was no bypassing flow effect, there was a uniform approach flow velocity.
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constant thermal properties, uniform heat transfer coefficient and the fm tips were
adiabatic. The overall outcome was that the total resistance was minimised and the
thermal efficiency was maximised. The long fin heat sink mentioned for the above
processor can be reduced in size and mass using Shih an Liu’s [20] design
methodology.

What Shih and Liu [20] found was that the horizontal inlet flow had a better
performanee and a lower aspeet ratio than the vertical flow. However, the vertical
inlet requires less mass.

The vertical inlet was set-up under both constrained and unconstrained conditions for
testing. The constraints applied were as follows: the spacing between fins had to be
between 1mm and 5mm; and the ratio of fm height to fm spacing (aspect ratio) had to
be between 0.01 and 19.4. The results show that the constrained design has improved
thermal performance and a lower base temperature than the uneonstrained solution.

Using the prescribed heat dissipation technique (minimising entropy generation rate)
the optimal aspect ratio of the fins reaches its highest allowable limit. The prescribed
surface temperature however allows the aspect ratio to reach an optimal point as
opposed to its highest limit.

Overall the prescribed heat dissipation has enhanced thermal performance, contains
lower surface temperatures and the heat sink volume increases as the surface
temperature decreases. Where the surface temperature is prescribed, there is an
increase in heat dissipation, there is less struetural volume and the structural volume
inereases with increased heat dissipation. Finally optimisation by minimising the
entropy generation rate allows an improvement in thermal performance with the mass
required being reduced.

Under natural and forced conduction conditions Sikka et al. [21] investigated the
conventional heat sink, comparing at first a heat sink with longitudinal fins to one
with pins. Later Sikka et al. [21] experimented with heat sinks that have different fin
arrangements consisting of fluted fm heat sinks and wavy fm heat sinks. A total of
nine arrangements were tested which consisted of two conventional heat sinks, 3
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fluted fin heat sinks and 4 wavy plate heat sinks. All of the heat sinks were made of
aluminium and had a square base of length 63.5mm on each side. The thickness of the
base was 6.35mm. All fm heights are 25.4mm and their thickness was 3.175mm. It
was assumed, due to the high thermal conductivity of the aluminium coupled with the
fin dimensions, that the heat sinks were essentially isothermal during testing [21]. An
important parameter which Sikka et al. [21] controlled was the AfAb ratio, which is
the ratio of the total heat sink area to the base area. It was the same for each heat sink
except the diagonal and the cross in order to allow direct comparison of their thermal
performance.

Both the longitudinal fm and pin heat sinks (figure 2.22 [21]) are optimised to allow
optimum thermal performance. Under the recommendations of Jones and Smith [22],
Sikka et al. [21] calculated the longitudinal fm spacing (b) to be 12.7mm, which
allowed room for 4 fins in total. Based on the work of E.M. Sparrow et al. [23] and
A.I. Zografos et al. [24], the optimum fin thickness to spacing ratio is t/b = 0.5 which
results in an array of 42 pins.
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Figure 2.22: Longitudinal & Pin Array Heat Sinks [21]

Fluted Fin Heat Sinks:

The fluted fm heat sinks (figure 2.23) tested have been specifically designed for
horizontal orientation due to the natural convection flow patterns which are generated
on horizontal heated plates facing upwards. Previously Husar and Sparrow [25]
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created a visualisation of this setup which shows that when the plate length is
comparable to the plate width, a boundary layer flow emerges from each edge of the
plate. When the boundary layers meet along the angle bisectors of the corners, a
central buoyant plume develops. The fluted heat sinks have a core length of S =
12.7mm to allow the central plume to develop. It is suggested that when forced
convection is used, its interaction with the buoyant plume may enhance heat transfer
[21].
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Figure 2.23: Fluted Fin Heat Sinks [21]

Wavy Fin Heat Sinks:

The four different types of wavy fin heat sinks in figure 2.24 [21] have been
developed which are described as corrugated, anti-corrugated, serpentine and anti
serpentine. The preferred orientation for these is for the base plate to be vertical which
in turn gives vertical longitudinal flow channels. In natural convection, boundary
layers are formed on the lower edge of the base plate and on the faces of the fins in
the flow direction. Under forced convection the flow can either aid or interrupt the
naturally induced flow depending on which way the fins are orientated. The idea
being put forward by the use of wavy fin heat sink is that the waviness of the fins
might interrupt the boundary layers and that the flow between the fins may deflect and
impinge on other fin surfaces [21]. This may allow for better heat transfer.
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Figure 2.24: Wavy Fin Heat Sinks [21]

Natural Convection:

In order to carry out the natural convection tests, the heat sinks were placed in a
cardboard isolation cube of side length 508mm. The heat sinks seen in figure 2.25
[21 ] were set into a styrofoam block of 254 x 254 x 101.6mm such that the top of the
heat sink base was flush with the styrofoam block.

Figure 2.25: Natural Convection Heat Sink Orientations [21]

Forced Convection:

Heat sinks were placed in a wind tunnel measuring 152.4 x 152.4 x 609.6mm seen in
figure 2.26 [21]. Air velocities of 0.1 to 5m/s generated the low velocity forced
convection for the heat sinks. The heat sinks were set into a Styrofoam block of
101.6mm diameter and 25.4mm thick. This was fixed to the tunnel section base
central to its longitudinal direction. To allow vertical testing the wind tunnel is
mounted on a rotation assembly allowing it to be directed vertically or horizontally.
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Figure 2.26: Forced Convection Heat Sink Setup [21]

Sikka et al.’s [21] experimental results show that under natural convection conditions
the pin/fin heat sinks outperform the longitudinal plate heat sink by 15 - 32% in the
horizontal orientation and 4 - 6% in the vertical orientation. This is based on a plot of
Nusselt number versus Rayleigh number. In the horizontal position the fluted fin heat
sinks have performances which lie between the pin/fm and longitudinal plate fin
performances. The cross diagonal heat sink is approximately 0 - 9% better than the
longitudinal fins in the horizontal position and 7 - 10% worse in the vertical position.
The cross heat sink comes out best overall in the vertical position. All wavy plate heat
sinks are better by 2 - 6% than the longitudinal heat sink in the horizontal position
and are slightly worse in the vertical orientation [21].

Again, the pin/fm heat sink is about 10 - 40% better than the longitudinal plate heat
sink over the range of Reynolds numbers used. The cross diagonal heat sink is slightly
worse than the longitudinal fm, while the cross and diagonal heat sinks were better by
18% and 9% respectively [21]. The longitudinal fins outperform the wavy plate heat
sinks at low Reynolds number but, the wavy plates are better at higher Reynolds
numbers.

In respect of orientation, the heat sinks heat transfer capabilities perform by 30 - 40%
better with the forced convection assisting the upward buoyancy for Reynolds
numbers between 300 - 1000 [21].
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From Sikka et al.’s [21] paper, it is clear that there is an improvement in the heat
transfer of the longitudinal plates with the new design of wavy plates. However, it is
questionable as to whether the improvement is enough to be able to justify the extra
cost in manufacturing these designs for use. In all cases it is proven that the pin/fin is
the most effective heat dissipater and that the vertical base orientation with upward
vertical forced flow gives the best heat transfer results.

Elliptical Pin Shapes

Improvement in thermal performance and reduction in cost are two of the major aims
of heat sink research. The heat sink industry is always looking for new technologies
which satisfy these aims [26]. Ihis was the driving force behind Chapman, Lee &
Schmidts [26] interest in developing an elliptical pin heat sink.

Chapman, Lee & Schmidts [26] paper aimed to show that elliptical pin shaped
heatsink minimses pressure loss by reducing vortex effects which enhances thermal
performance by maintaining a large exposed surface area [26]. The reduction in
vortex effects produces a streamlined effect which minimises downstream heating of
the air. These predictions were demonstrated and verified by thermally testing an
elliptical pin heat sink in a wind tunnel and comparing it to a staright fin and a
rectangular pin fm heat sink.

The elliptical pin heat sink in figure 2.27 (a) [26] was made from a cast aluminium
alloy. It had a total of 105 pins which were staggered with an outer grid of 10 x 6 and
an inner grid of 9 x 5. Each elliptical pin had a major axis of 5.54 mm and a minor
axis of L27mm. The aluminium straight fin heat sink (figure 2.27 (c)) [26] was
manufactured using extrusion. It had 10 fins spaced evenly along a 58.42mm base.
Including a base thickness of 2.54mm, the overall height of the profile was 29.21mm.
Each fin was L52mm thick. The rectangular pin heat sink in figure 2.27 (b) [26] was
made by taking a second long fin heat sink and cutting nine L52mm slots out of each
of the 10 fins. All of the heat sinks were designed so that they all had the same
volume and almost identical surface areas. It was calculated that the elliptical pin heat
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sink had a surface area of 339.2cm^ and the other two heat sinks had a surface area of
346.8cml

(a) Elliptical Pins

(b) Rectangular Pins

(c) Straight Fins

Figure 2.27: Schematic Diagram of Heat Sinks [26]

Under normal use the above heat sinks were used to cool an ASIC chip. During
testing a copper block and two 20fl resistors were used to simulate the chip. The
resistors were soldered to the copper block which was 25.4mm square. Double sided
thermal tape was used to adhere the copper heater block to a pedestal which was
machined into the base of the heat sinks seen in figure 2.28 [26]. Styrofoam insulation
was placed around the heater block to ensure all the heat was tranferred to the heat
sink.

Q

r*d

f f

Figure 2.28: Thermal Test Module [26]

Each of the resistors on the heater block was powered with 20 watts giving a total heat
flux of 6.2 W/cm^ [26]. Three thermocouples were used to record temperatures. A
thermocouple placed into the pedestal measured the base temperature of the heat sink,
while another thermocouple was inserted into the heater block. The final
thermocouple was placed 150mm upstream of the heat sink to measure the ambient
temperature. Air velocities in the wind tunnel ranged from 0.5 to 4 m/s during testing.
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In the wind tunnel the heat sinks were put in the open channel for one set of tests and
then the tests were repeated where the air was confined to within the heat sink
channels.

Results from Chapman et afs [26] testing were quantified using two performance
factors, flow bypass and overall thermal resistance. Comparing the elliptical heat sink
and the rectangular pin heat sink showed that the elliptical pins performed better
overall. Although there was 40% more air flowing through the rectangular pins in the
open channel, the thermal resistance of both heat sinks was the same [26]. This effect
was further enhanced in the confined channel where the elliptical heat sink had a
lower thermal resistance than the rectangular pin heat sink. The elliptical pin
enhanced the heat transfer during testing. This was a result of the reduced vortex flow
mentioned at the beginning of Chapman et afs [26] paper. At all air velocities
between 0.5 and 4 m/s the straight fin heat sink had the lowest thermal resistance than
the other two heat sinks.

One suggestion made in the paper was that other arrangements should be looked at
further. Chapman et al only tested an elliptical pin heat sink based on one set of
design parameters relating to pin alignment and spacing [26]. Further investigations
could be made by comparing aligned and staggered pins and different pin spacing.
Through the use of CFD (computational fluid dynamics) modelling, aligned and
staggered pin arrangements for different pin shapes will be investigated as part of this
thesis.

2.4.2

Thermal Characterisation of Heat Sink Experimental Methods

One of the basic tools needed to test a heat sink is heat itself Thermal engineers have
been using various different types of heaters such as rubber heating mats, resistors and
thermoelectric coolers. Lou, Nelson and Chou [27] tested and compared 2 different
types of heater to determine which is the most suitable for the thermal analysis of heat
sinks. The heaters tested were cartridge heaters and thermoelectric coolers (TEC’s).
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Cartridge heaters such as the one in figure 2.29, are made up from a nickel chromium
resistance coil placed inside a stainless steel shell with magnesium oxide filler [27].
When a current is passed through the coil, the resistence of the coil causes it to heat
up.

Figure 2.29: Cartridge Heater Schematic [27]
Figure 2.30 shows a schematic of a thermoelectric cooler [27]. Its name comes from
the fact that this device is generally used for cooling applications. However, by the
nature of its operation it can also act as a heater. The TEC is made up of a series of n
and p type semiconductors which are connected together. When electrical energy is
passed through an n and p type junction, the electrical energy is converted to thermal
energy. This is known as the Peltier effect. When the current flows in one direction
heat is drawn from what will be the cold side/juction and released at the hot
side/junction. If the polarity is reversed the opposite happens [27].

Figure 2.30: Schematic of TEC [27]
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Both heating devices were tested using the very similar setups. Figure 2.31(a) and (b)
[27] shows these setups. In (a) the heating cartridges are inserted into a copper heating
block. On top of the copper there is tapered alumium adapter block. This brings the
heat source to the same size of the NIST (National Institute of Standards and
Technology) iron block [28]. The NIST block is a standard NIST reference machined
iron block with known thermal conductivity at any given temperature. Once the
temperature is measured in the block with a thermocouple, the amount of heat
dissipated from the heat source can be calculated using conduction analysis. There is a
fan cooled heat sink placed on top of the NIST block. The whole assembly, except the
heat sink, is surounded by thermal insulation to ensure all the heat goes through the
apparatus. Thermocouples are placed on top of and below the NIST block. The
difference with the I'EC setup is that the TEC has nylon

insulation below it.

Everything else above the TEC is the same.
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Figure 2.31: Experimental Setup [27]

Results show that the TEC is a more suitable choice of heater assembly for heat sink
characterisation. It has a higher percentage heat conversion than the cartridge heater
over the entire power range of 2 to 50 watts (figure 2.32) [27]. When the cartridge
heater heats up there is some heat transfer to the surrounding insulation, reducing the
amount of heat that reaches the heat sink. When the TEC converts the electrical
energy to thermal energy, all the heat gets pumped directly into the tapered block and
Page I 36

Chapter 2

Literature Review

onto the NIST block. If the cartridge heater is to operate at 100%, guard heaters would
have to be used. Guard heaters are heaters which heat the insulation to the temperature
of the cartridge heater preventing heat transfer from the cartridge heater to the
insulation.

0

5

10 15 20 25 30 35 40 45 50 55
Electrical Power Input (Watts)

Figure 2.32: % Heat Conversion vs. Electrical Power Input for Heater & TEC
[27]

2.5

Conclusions
Gorden Moore [1] predicted in 1965 that the number of transistors on a circuit

would double every year. Moore [1] effectively launched a new area of engineering
research. The implications of such massive growth on circuit boards meant that there
was also going to be a growing problem with dissipating power effectively.

It is not sufficient to get a piece of metal and place it on top of a processor and hope
that it cools the chip. Heat sinks are engineered to cope with the increasing challenge
of cooling processors. Researchers like Tuckerman & Pease [18] set out to try and
determine the solution for designing the optimum heat sink. This was and is difficult
as there are so many variables to deal with such as fin/pin shape and height, the
number of pins used and how they are geometrically orientated and arranged.
Research is currently ongoing into optimising the design of heat sinks.

Maveety and Jung [19] demonstrated the effect of varying fm geometries and nozzle
spacing for air impingement. Various different grid arrays were tested on a base plate
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ranging from a 5x5 array up to a 13x13 array. Results showed that a 7x7 was optimum
for this setup as it had the best cooling performance. The fm height was varied and it
was found that the cooling performance increased by 13.8% when the height went
from 9 to 15mm.

Work carried out by Sikka et al. [21] demonstrated the effect of using different pin
shapes for heat sinks. The pin/fm heat sink proved to be the most effective at cooling
overall the results. Compared to the long fm heat sink, it performs 15 - 32% better in
the horizontal orientation and 4 - 6% better in the vertical under natural convection.
The long fin heat sink was also compared to slight variants such as wavy fm and cross
diagonal fins. Horizontal cross diagonal fins outperform the long fins by 0 - 9% and
wavy fins are 2 - 6% better. Vertically, the long fm is better than the cross diagonal
and wavy fins, using forced convection, the pin fm still outperformed the long fin by
10 - 40% over a range of Reynolds numbers. At low Reynolds numbers the long fm
was more efective than the wavy plate and at higher Reynolds numbers the opposite
was seen.

Chapman et al. [26] experimented with an elliptical pin shape and compared it to a
long fm and rectangular pin arrangement. The long fm outperformed the other two
shapes overall airspeeds between 0.5 and 4 m/s. The elliptical pins were more
efficient than the rectangular pins, when orientated horizontally they had the same
thermal resistance, even though the rectangular pin array had 40% more air passing
through it in an open channel. When the air was confined to the heat sink only the
elliptical pins had a lower thermal resistance.

All of the above research shows just how a large variety of parameters affects the
performance of a heat sink. There also seems to be conflicting answers to various
questions. For example Sikka et al. [21] proved that that the pin heat sink
outperformed the long fm, whereas Chapman et al. [26] show the opposite with their
heat sink arrangements. The work analysed for the literature review provides a
platform for further research. Chapman et al. suggest that research into different pin
arrangements with ellipses could show interesting results and that comparisons to
more conventional pin/fm shapes might be worthwhile.
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The research presented in this thesis develops some of the work mentioned in the
literature review. An analysis is undertaken which investigates, as Chapman et al.
suggest, staggered and aligned pin arrangements for elliptical pins. Further to this,
circle, square and teardrop shaped pins are also analysed in the aligned and staggered
arrangements using CFD analysis.

Also, it will be determined from the analysis of pentium 2 heat sinks, whether Sikka at
al. or Chapman et al. were correct in determining whether pin or long fm heat sinks
are more efficient and under what conditions their efficiency occurs. Further to this an
analysis will determine whether a heat sink should be mounted horizontally or
vertically under free convection flow.
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Introduction
One of the main focuses of research into heat sink analysis is fluid flow. It is

extremely important as it is one of the major influencing factors in heat transfer. From
a design point of view it is important to be able to model this fluid flow without
actually having to develop a prototype for every new design solution. A tool which
allows designers to do this is Computational Fluid Dynamics or CFD.

CFD is a computer simulation modelling technique. A model is generated in a CAD
package, and then transferred to a solver package where all boundary conditions for
the model are defined. The solver is “run” and results are displayed as images of the
model with colour gradients representing pressure, temperature, velocity etc..

In order to be able to model and analyse various shapes of pins on a heat sink a basic
understanding of airflow over material surfaces is required. This chapter focuses on
the analysis of the air flow around a cylinder in flow. It is a well documented case
which is described in detail in many fluid dynamics books. Modelling this case will
allow direct comparisons to be made to published theory. The results validate that the
models are being setup correctly and are accurate and reliable. They give confidence
that any future results obtained for other shapes that are not well documented will be
accurate and reliable.

3.2

CFD Validation for Airflow Analysis
Validation processes are common in research in engineering. Commercial

CFD software is extremely complex in terms of its use and its range of applications is
vast. The approach being adopted here is to verify (a) the application of CFD to
classical type problems and (b) the user ability to model problems. Once reliable
results are being produced, the user can proceed to model more complicated problems
and interpret the results of these with a higher degree of confidence.
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The package utilised was ESI-CFD 2006 [29]. This package has a number of
integrated programs used for CFD modelling. The main programs used were CFDGEOM for the design process, CFD-ACE for defining all boundary conditions and
solution criteria and for solving the model, and finally CFD-VIEW to view the results
of the model.

3.2.1

Problem Description - Test Problem 1

The simple case which was used is flow past a cylinder as shown in figure 3.1. This
problem is documented in ^Fluid Dynamics’, by Douglas, Gasiorek and Swaffield
[30] and 'Heat Transfer, by A.F. Mills [31].

Inlet

Outlet

U = 3m/s

P = Atm.

T = 293K
0 3mm

T = 293K

Figure 3.1: Cylinder in flow

The model describes a thin cylinder, of diameter 3mm and infinite length, placed
traversely in an air stream. The two major attributes which are studied are the flow
patterns around the cylinder and the vortex street which is created. Symmetry is used
in the model setup in order to reduce computation time and allow convergence of the
solver. For demonstration of vortices a full cylinder is used (i.e. no symmetry).
Although the cylinder looks like it is placed in a channel, the channel width is 40
times the radius of the circle so that the drag associated with the airflow at the walls
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does not interfere with the free stream velocity around the cylinder. The cylinder was
tested using various values of Reynolds number and using different mesh densities.

3.2.2

Calculating Velocities for Various Reynolds Numbers

In 'Fluid Dynamics’, by Douglas, Gasiorek and Swaffield [30], the flow around a
cylinder is described for various values of Reynolds number (Re), which are as
follows:

a) Re < 0.5
b) 2 < Re <30
c) 90<Re< 10^
d) 10^<Re<2x 10^

However the CFD software requires that the inputs be in the form of velocities,
pressures etc. The expression for Re (3.1) [32] can be rearranged to solve for
velocities (3.2):

Re

pVd

(3.1)

Rearranging gives.

C =

Re jj.
pd

(3.2)

Where, V is the fluid velocity (m/s), p is the fluid density (kg/m^) (i.e. air at 293 K), d
is the diameter (m) of the cylinder, p is the viscosity of the fluid (kg/s-m). The fluid
density and viscosity are kept constant at 1.194 kg/m^ and 1.8 x 10'^ kg/s-m
respectively and the cylinder diameter was kept constant at 3mm. Thus the fluid
velocities used were:
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Reynolds No.

Velocity (m/s)

0.2

0.001

20

0.1

398

2

9950

50

Table 3.1: Fluid Velocities

3.2.3

CFD-GEOM Mesh Generation

Common with most numerical techniques the flow domain needs to be meshed. The
density of the mesh is an important factor as it helps with the accuracy of the solution.
A very sparse mesh results in a very fast solution but reduces the accuracy, whereas a
very dense mesh takes much longer to solve but may result in an accurate solution. A
suitable mesh density needed to be found where the accuracy is at a satisfactory level
and the run time is acceptable.

Another consideration is the type of mesh to use. There are three types, structured,
unstructured and hybrid. Structured is where the user defines how many nodes are
placed on each boundary line and ultimately, the shape and density of the mesh.
Unstructured meshes are automatically determined by the software. The only inputs
the user has control over are the maximum and minimum cell size. A hybrid mesh is
one which uses both structured and unstructured grids. For simpler problems it is
preferable to use structured grids which generally produce more accurate results and
the processing time is much shorter than the unstructured case as the algorithms are
more efficient [33].

It was decided to use the structured mesh for the cylinder in flow as it is a simple flow
problem. The model contained two regions, as seen in figure 3.2, with different mesh
densities in order to reduce the processing time.
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Figure 3.2: Mesh Regions
Seen in figure 3.2, a dome region was setup in a small region around the cylinder with
a higher mesh density than the rest of the channel. The diameter of this dome is
related to the size of the geometry being analysed. This is because the accuracy of the
solution is more important in the area around the cylinder than at the channel wall.
For the overall model three different mesh densities were tested to compare the
accuracy of each and to determine how a low (fig. 3.3 (a)), medium (fig. 3.3(b)) and
high mesh (fig. 3.3(c)) density impacted the processing time. The low mesh had a
density of 1.96 elements/mm^. The medium had 24.19 elements/mm^ and the high
mesh density had 171.07 elements/mm .

(a): Low Mesh Density
(1.96 elements/mm^y)

(b): Medium Mesh Density
(24.19 elements/mm^)

(c): High Mesh Density
(171.07 elements/mm^)
Figure 3.3: Mesh Region Density (a) Low ; (b) Medium; (c) High
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One issue which presents itself during structured mesh grid generation is the presence
of grid degeneracy. This occurs when generating a mesh in a geometry that has less
than 4 edge sets. For example, the circle quadrant in figure 3.4 which has 3 edge sets.

Figure 3.4: Degeneracy

CFD-GEOM will create a degenerate face at the intersection of the first and third edge
sets. If there is degeneracy in a grid, difficulties will be caused with convergence
when running the solver [34].

To overcome this problem each of the 3 edges are split in half with a point. Using
these new points an average point is created (fig. 3.5(a)). This average point should be
then joined using lines to the centre points of the 3 edges (fig. 3.5(b)). What exists
now within the quadrant are 3 quadrilaterals, which removes grid degeneracy as seen
in figure 3.5 (c).
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(a): Average Point

(b): Joined Edges

(c): Zero degeneracy Mesh

Figure 3.5: Creating Zero Degeneracy Mesh

3.2.4

CFD-ACE Solver

CFD-ACE is the program which is used as a solver for the problem. Within this
program the user must define all boundary conditions associated with the model
which was designed and meshed in CFD-GEOM. There is an approach which must be
followed to build the model and solve the problem:

1. Define the problem type, which in this case is a flow problem
2. Under MO (Model Options), set the body forces which are present, i.e.
gravity in the negative y-direction
3. Set the volume conditions (VC) for the model. This involves defining the
fluid properties for the air region and the solid properties of the cylinder.
(In this case the solid properties do not matter as all that is required is the
flow patterns around the cylinder. The solid properties such as density and
conductivity only need to be defined when heat is introduced).
4. All boundaries are named and the property of each defined such as the
inlet velocity and fluid temperature and the symmetry boundaries.
5. The initial conditions (IC) for the model are set which are the initial fluid
temperature and velocity.
6. Solver controls (SC) are set up, which include the following:
a. Number of iterations
b. The type of solvers used
c. The relaxation criteria used has both inertial and linear relaxation
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7. Finally, the output (OUT) parameters are selected. Outputs are what the
user wants to be able to see on the final model image such as velocity
profiles and temperatures.
8. The user can now run the solver which will output results to CFD-VIEW.

3.2.5

CFD-VIEW

CFD-VIEW allows the user to graphically show the results of the model run. The user
opens the results from the CFD-VIEW icon located in the CFD-ACE toolbar. This
program uses colours to represent solved conditions such as fluid velocities and the
velocity streamlines. An animated flow can also be set up to show particle flow
around objects.

3.3

Results of Single Cylinder in Flow at Various Reynolds
Numbers

3.3.1

Problem Description - Test Problem 2

This problem is illustrated in figure 3.6. A thin cylinder of radius 1.5mm is modelled
in symmetry with air flowing over it at various values of Reynolds No. outlined in
table 3.1. Flow enters from the left at a temperature of 293K (room temperature) and
exits to the right at the same temperature and at atmospheric pressure.

Figure 3.6: Test Problem 2
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The cylinder is modelled at three different mesh densities for each Reynolds no., 1.96
elements/mm^ (low density), 24.19 elements/mm^ (medium density) and 171.07
elements/mm" (high density). The aim is to determine which is the most suitable mesh
density and to confirm that the CFD results correspond to published theory.

3.3.2

Impact of Mesh Densities

At the lowest Reynolds number of 0.2 there was no difference in the results of the
models for all three mesh densities. As seen in figure 3.7 (a-c) the air stream flows
smoothly over the top of the cylinder in all three cases and the velocity gradients are
very similar. Also it can be noticed that the maximum fluid velocity shows very little
variation, with the lowest being 0.001479m/s in figure 3.7 (a) and the highest being
0.001499 in figure 3.7 (c). That is only a 1.3% difference. The difference between the
medium and high mesh velocities is only 0.67%.

Low Mesh Density

Medium Mesh Density

Re = 0.2

Re = 0.2

'/elOC'lyUo^n.tude - m/s

C.»)rUe9n;iw()e - m/s

8

I

I

(a) Low Mesh

(b) Medium Mesh

High Mesh Density

Re = 0.2

CityMoqnllu<J« - m/s

(c) High Mesh Density
Figure 3.7: Streamlines at Re = 0.2
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However as the Reynolds number is increased to 20 it immediately becomes clear
from the results in figure 3.8 that there is a difference between the mesh densities. In
fig 3.8 (a) it can be seen that there is not as much detail in the streamlines flowing
over the cylinder as there is in fig 3.8 (b) which is the medium mesh density (24.19
elements/mm^).

Low Mesh Density

(a) Low Mesh

Re = 20

Medium Mesh Density

Re = 20

(b) Medium Mesh
Figure 3.8: Streamlines at Re = 20

This same effect also showed itself in the low mesh density (1.96 elements/mm^) at
Reynolds numbers of 398 and 9950. Also in fig 3.8 (a), the separation point appears to
be located very high on the cylinder, almost at 80° to the horizontal. Comparing it to
the flow diagram in ^Fluid Dynamics’, by Douglas, Gasiorek and Swaffield [30], the
separation point is described as being much lower at approximately 35°. This leads to
the conclusion that the accuracy of detail at a low mesh density is poor and cannot be
relied on.

Studying the medium mesh density of 24.19 elements/mm , the streamlines in figure
3.9 are not at all smooth closest to the cylinder and appear to be comprised of a series
of straight lines rather than a smooth curve. This is caused by an insufficient mesh
density. The fluid velocities are not posing any problems though when compared to
the high mesh density. At maximum velocity for both mesh densities there is only a
difference of 0.996%.
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Figure 3.9: Streamline Cutting Cylinder

At all Reynolds numbers, the high mesh density of 171.07 elements/mm^ shows clear
images with very smooth transitions in the streamlines flowing around the cylinder.
The images show high detail in the air flowing around the cylinder, visible in figures
3.10 (a) and (b).

(a) Re = 20

(b) Re = 9950

Figure 3.10: High Mesh at (a) Re = 20; (b) Re = 9950
All the images gathered during the mesh density modelling can be found in appendix
A.l

3.3.3

Flow Patterns

As described in 'Fluid Mechanics’’ [30], fluid is expected to follow a specific pattern
as it is flowing past a cylinder. This pattern is highly dependent on the Reynolds
number of the fluid flow. By comparing the results of the CFD analysis it is possible
to determine the accuracy of the model and whether or not it has been setup correctly.
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This section will look at the fluid flow around the cylinder for each Reynolds number
range mentioned in section 3.2.2.

Note: Although the CFD images display a full circle, the simulations were actually
run on the model of a semi circle, and through the use of symmetry the image was
mirrored to represent a full circle.

Re < 0.5 - Figure 3.11
At a Reynolds number of less than 0.5 the air velocity around the cylinder is very low.
For the case of the 3mm diameter cylinder the air velocity used was 0.001 m/s which
results in a Reynolds number of 0.2.

(a)

(b) [30]

Figure 3.11: Flow Past A Cylinder, Re = 0.2 [30]

As the flow rate is so small the air just glides over the surface of the cylinder and
rejoins its original path. There is no backflow, circulation or turbulence present as
seen in figure 3.11.

2 < Re <30 - Figure 3.12

As the Reynolds number is increased to between 2 and 30 the flow pattern changes
and separation of the boundary layer occurs. This is indicted by the two points marked
S in figure 3.12 (b) [30]. Separation occurs due to decelerating flow. This causes the
boundary layer around the cylinder to increase as the velocity gradient at the surface
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decreases to zero. Then the velocity goes to a negative value (backflow), causing the
boundary layer to separate from the cylinder [35].

(b>2 < Rf < .M)
(a)

(b) [30]

Figure 3.12: Separated Flow at Re = 20 [30]

This effect is also seen in the CFD image, figure 3.12 (a). Separation occurs at angle
of approximately 45° to the horizontal flow. Below this point there is a region where
the air flows back on itself and circulates around before moving on. Also, as the flow
separates, the streamline flows almost parallel to the horizontal flow before dipping
back down to rejoin the normal flow

90 < Re < 10^-Figure 3.13

Between a Reynolds number of 90 and 10^ a very similar effect to the previous case
occurs. The difference shown in figure 3.13 (a) & (b) [30] is that the flow spreads out
and diverges from the horizontal streamline.

(a)

(b) [30]

Figure 3.13: Separated Flow at Re = 398 [30]
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The separation angle increases as the Reynolds number is increased until it eventually
reaches an angle of approximately 80° at Re = 10 . Another phenomenon which
presents itself at Re = 90 is creation of a vortex street. This will be discussed later on.

10^ < Re < 2 X 10^ - Figure 3.14

Within this region, as the Reynolds number is so high, the separation point has
reached its maximum angle. The wake behind the cylinder is wider than the previous
case but is also much shorter. This effect is seen in figure 3,14 (a) and (b) [30],

VeloCityUggritud* - m/s

biHMickHV luyet

(a)

(b) [30]

Figure 3.14: Separated Flow at Re = 9950 [30]

When the Reynolds number increases beyond this range the boundary layer eventually
becomes turbulent and the angle of separation begins to reduce again.

3.3.4

Vortex Streets

A full circle in flow must be modelled in order to demonstrate the presence of vortex
streets. It is not enough to model a semi-circle and use symmetry as this method does
not allow for the flow imbalance created at flows higher than a Reynolds number of
90.
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At a Reynolds number of between approximately 2 and 90, two symmetrical eddies
form behind the cylinder (figure 3.15). These eddies rotate in opposite directions to
each other and remain in a fixed position as the main flow closes in behind them.

V^loCilyMognitucJe - m/s

Figure 3.15: Re = 60, Symmetrical eddies

Within this range of Reynolds numbers, the fixed eddies elongate and begin to
slightly oscillate until at Re = 90, the eddies begin to break away from the cylinder.
This breaking away occurs alternately from one side and then the other of the cylinder
(figure 3.16 [30]). As the shedding of eddies is continuous from alternate sides, a
wake is formed in two discrete rows of vortices. This is known as a vortex street or a
von Karman street [30].

<al

------ ajAIf2

^1^

Figure 3.16: Vortex Street [30]

This same vortex street can also be seen in figure 3.17, which is a CFD generated
image. The Reynolds number in this image is 200.
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V«iocilyMogrntocJe - m/s

Figure 3.17: CFD Vortex Street, Re = 200

As the Reynolds number increases the vortices which are created get smaller and
more frequent (figure 3.18).

Figure 3.18: CFD Vortex Street, Re = 597

One issue which arises when running the solver for flows greater than Re = 90 is that
the solver will never converge. This is due to the oscillating eddy currents which form
in the wake downstream from the cylinder. The flow never steadies and so the solver
residual eventually hits a point where it will just oscillate about a point and will never
converge. Thus to get results the user eventually has to manually stop the solver.
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The aim of testing the cylinder in flow using three different mesh densities was to
determine which would be the best to use based on accuracy and run time.

The low mesh density of 1.96 elements/mm^ proved to have a very fast run time of
approximately 2 minutes but the flow diagrams showed lack of detail when the
streamlines were plotted (figure 3.7 (a)).

The medium mesh density of 24.19 elements/mm^ did show an improvement in the
streamline detail but the run time was a little slower, being approximately 7 minutes.
Problems did present themselves in figure 3.8 with streamlines cutting into the no
flow boundary of the cylinder. This should not occur and showed instabilities in the
mesh, ruling it out for any further use.
Although the run time for the high mesh density ranged from 20 to 40 minutes, a high
degree of detail was seen in the eddies which formed behind the cylinder (figure 3.10
(a) & (b)).

It was decided that the high mesh density of 171.07 elements/mm^ would be the
suitable mesh to use for any further investigations of flow past cylinders. There was a
significant difference in the run time with the low density being 2 minutes and the
high being up to 40. But, 40 minutes in reality isn’t a very long time to wait for highly
detailed accurate results.

3.4.2

Flow Patterns

Flow patterns are based on the behaviour of fluid flow past a cylinder, and act as a
good platform for validating the CFD model setup. The task set out was to model the
cylinder in flow for four different values of Reynolds number and compare the images
generated. This case is well published in 'FluidDynamics’, by Douglas, Gasiorek and
Swaffield [30].
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At all four Reynolds numbers (0.5, 20, 398, 9950) the images plotted in CFD-VIEW
matched up to the images in ‘Fluid Dynamics’ exactly as they should have. As
expected at the lowest Reynolds number the air flowed around the cylinder with no
separation, visible in figure 3.11. At the higher Reynolds number (figures 3.12 to
3.14) a separation point is formed on the boundary layer, which increases in angle
with increasing Reynolds number.

Due to the good agreement in the validating process, the user should be able to go on
and design more complex models based on the same concept using the same methods
and have confidence in the reliability of results.

3.4.3

Vortex Streets

This was another validation method based on the behaviour of fluids. The cylinder in
flow was again modelled but this time symmetry was not used to allow the
development of oscillating eddy shedding.
Below a Reynolds number of 90, it is expected that two symmetrical eddies, rotating
in opposite directions, are formed behind the cylinder. This can be seen to be true
from the CFD image produced, figure 3.15.

Above a Reynolds number of 90, the CFD models, figures 3.17 and 3.18 prove that
alternating eddies are produced. These eddies shed or break away from the cylinder to
produce a vortex street or von Karman vortex street.

By analysing the model for vortex streets, the fluid has been shown to be behaving as
theory suggests thus validating the model setup. This backs up the validation process
and suggests that the user has set up the model correctly.
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2D Investigation of Pin/Fin Shapes & Their
Geometrical Orientation

Introduction
It was mentioned in chapter 2 that there is a wide variety of heat sinks in use.

Two commonly used heat sinks are pin heat sinks and long fm heat sinks as seen in
figure 4.1. This chapter will focus on the CFD analysis of different pin/fin shapes and
arrangements, and their effect on airflow and cooling.

(a)

(b)

Figure 4.1: (a) Pin Heat Sink; (b) Long Fin Heat Sink

Pin and fm type heat sinks can be found in most modern PC’s. A brief examination of
the motherboard of a modern PC will show a heat sink on the processor and on the
video cards. However, depending on the computer and the manufacturer, there will be
a variation in the type of pin/fin which is used. Some heat sinks use round pins,
whereas others might use square pins or long fins. There are many reasons for this
based on the amount of heat required to be dissipated, the cost of manufacturing the
heat sink and the space available for it. For example, looking at the first Pentium
processor by Intel (1993), a square pin array heat sink was used to dissipate the heat.
This has changed through the following 11 years with a long fm heat sink being used
on Intel’s Pentium 4 processor (2004). Most of the smaller chips and components on
the motherboard that require heat sinks use pin heat sinks. This can be seen in figure
4.2.
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Figure 4.2: Dell PC Motherboard

4.2

Heat Sink Pin/Fin Design Parameters

4.2.1

Geometric Shape CFD Analysis

Heat sink designers have been searching for the most suitable pin shape which can be
used to dissipate the most heat with maximum efficiency. Classic designs of pin shape
have mostly been either round or square/rectangular pins. This is mainly because of
the ease at which these shapes can be manufactured and as a direct result the costs
involved. With increasing power densities, designers have started to look at
alternative shapes, such as elliptical shaped pins and tear drop shaped pins.

A key feature of any heat spreading device is the ability to maximise the use of its
surface area. This can be an issue in forced convection flow because of the directional
aspect of the airflow. Four shapes, circle, square, ellipse and teardrop, were simulated
using CFD to determine the air flow patterns as air flows past two pins in line and to
quantify the shielding effect one pin has on the next, if any.
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Each shape was tested using two pins in line. The free stream velocity was set to
3m/s, moving from left to right. This is an air velocity which is in the mid range of the
airspeeds used by Sikka et al. in their forced convection wind tunnel testing of heat
sinks [21]. The circles had a diameter of 3mm. All other shapes had dimensions which
allowed them to have the same/similar cross sectional areas as the circle. The squares
had a side length of 2.65mm. The ellipses had a major axis radius of 1.95mm and
minor axis radius of 1.12mm. The teardrops had a semi-circular face of radius 1.5mm
and a triangular tail of height 3mm and length 3mm. A schematic of each is seen in
figure 4.3. During the simulation of each pin shape a volumetric power was applied to
each of the two pins in line. Through trial and error a volumetric power input of 4 x
10^ W/m^ was chosen as it caused a temperature rise that was at the upper operating
temperature limits of a Pentium 11 heat sink which operates up to 363 K [3].

Circle

Square

Ellipse

Teardrop

Figure 4.3: Pin Shapes

Beginning with the first of the two classic shapes, the temperature distribution of the
circles in figure 4.4 (a) shows that the second pin is 35.9% (18.4 K) hotter than the
first pin which is at 325.9 K. This can be explained by looking at the behaviour of the
air flow plotted in figure 4.4 (b). In this image the air hits the front of the first pin and
moves around it. Once at 90° to the horizontal the air (represented by the streamline
with blue dots) does not close back into its original air stream. Instead it separates
from the circle, moves straight ahead and glides over the top of the second circle,
making very little contact with it. The air stream then closes up further downstream.
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This creates an air pocket or stagnant zone between the two circles in which the air
has little or no movement, with velocities in this region being less then 0.5m/s.
Shielding has occurred where the

pin blocks the airflow to the second pin.

Consequently the 2"^ pin will be significantly hotter than the first.

jstegnant^Zoi^

V«locilyMo9nitude - m/s
O

i'-- ..1

iTMiiiPi.p.wprinTn-tjTfTHiiiij.iinniiiiiri

.......... 1 s

°

(a) Temperature Profile

(b) Velocity Profile

Figure 4.4: Circular Pins (a) Temperature; (b) Velocity

Shielding is much more pronounced when looking at the square pins. Figure 4.5 (b)
shows that not only does the first square pin shield the second one from the airflow; it
also deflects the air stream completely away from the second pin. There is no contact
between the free stream and the second pin. Even looking at the first pin, once the air
hits the leading edge of the pin it separates away from it. The top edge as a result also
has no contact with the free stream. The blue dotted line above the squares shows the
path of the free stream. Everything below this is air which is trapped in an envelope
between the pins and above the pins.

v»>oc>t)'Uog«'itud« - m/9
.........

(a) Temperature Profile

1

(b) Velocity Profile

Figure 4.5: Square Pins (a) Temperature; (b) Velocity

The trapped air circulates around at no more than 0.3m/s in front and above it. This
has a significant impact on the temperature of the pins, as this is the major source of
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cooling. The first pin is 329.87 K and the second pin is 352.36 K. This is a difference
of 37.9%. There is very little use of the pins surface area, making this shape very
inefficient.

The ellipse shape allows more surface contact with the streaming air than the previous
shapes. There is a 30% temperature difference between the first and second pin with
each being 322.3 K and 334.9 K respectively. The first pin is also cooler than the first
circular pin by 11%, and the square pin by 12.4%.

(a) Temperature Profile

(b) Velocity Profile

Figure 4.6: Elliptical Pins (a) Temperature; (b) Velocity

The shape of the ellipse makes it naturally suitable for reducing the effect of shielding
between the first and second pin. Although the air deflects up slightly when it
separates from the first pin it closes in again when it approaches the second pin.
Streaming air flows over approximately 50% of the upper surface of the second pin
which cools it down. There is a much higher surface contact with the streaming air
and the second ellipse pin than with the other shapes.

The final shape to be modelled was the teardrop. Figure 4.7 (a) shows that the
temperature of the first pin was 326K and the second pin was 37.3% hotter at 346K.

(a) Temperature Profile

(b) Velocity Profile

Figure 4.7: Teardrop Pins (a) Temperature; (b) Velocity
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The streamline plotted in figure 4.7 (b) shows a similar pattern to that of the circle.
The air hits the front of the first pin but just before 90° to the horizontal it separates
from the pin. The stream does not close onto the second pin until approximately the
same point as it left the first, and separates again just slightly beyond the semi-circular
region of the pin. The air stream is deflected over the second pin so little contact has
been made between the air stream and the pin. Instead, just like the circular and
square pins, it is being cooled mainly by the circulating air trapped between the two
pins. Once again, this air is heating up and reducing the heat transfer rate. A full set of
images for two pins in flow can be found in appendix A.2

In summary, initial results in table 4.1 show that the ellipse pins are cooler than any
other shape. This may be because the streamline effect of the shape helps in keeping
itself cool. There is little difference between the circle and teardrop due to the
similarity in the streamline effect from the leading edge of each shape. The square
pins are at a higher temperature than the other shapes due to the square pin shielding
effects and lack of surface contact with the flowing air. These shapes will be analysed
in more detail in the following sections to determine, using pin spacing and pin arrays
which shape is more efficient for cooling.

Shape

Pin 1 Temp (K)

Pin 2 Temp (K)

Circle

325.90
329.87
322.27
326.40

344.30
352.36
334.85
346.30

Square
Ellipse
Teardrop

Table 4.1: Temperatures for Various Pin Shapes

4.2.2

The Effect of Pin Spacing

Another design aspect which needs to be looked at is the spacing between the pins.
The aim is to determine the effect of pin spacing on the cooling performance of the
pins. Each of the four shape cases were modelled under the same conditions as in
section 4.2.1. The only parameter that was changed was the spacing between the pins.
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Each shape was analysed with a gap of 3, 6, 9 and 12mm between the two pins. The
temperatures of each pin for each shape were plotted to determine the performance of
the pins at each stage.

355.00

350.00

345.00
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Figure 4.8: Plot of Temperature vs. Pin Spacing

In figure 4.8, the pin spacing is represented on the x-axis and the pin temperatures are
represented on the y-axis. Solid lines show the temperatures of the first pin at each
interval and broken lines show the second pin temperatures. (The data used to plot the
graph can be found in table A.l in appendix A.2).

The most significant effect of pin spacing is seen in the temperature of the two square
pins. The first pin (solid red line) shows an 8.4% drop in temperature when the pin
space is increased from 3 to 12mm. The second pin shows a similar effect with a drop
of 4.6%. This shows that proximity affects both pins, not just the downstream pin.

The 2"^ circular pin shows the greatest change in temperature ranging from 344.3K at
3mm to 338.3K at 12mm, a difference of 11.8%. The first pin has a lower change of
5.5% dropping from 325.9K at 3mm.
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When comparing the temperatures of the circular and teardrop pins, there isn’t a
significant difference between the first pins. However, although the second pins start
at a similar temperature, the teardrop does not show much improvement in
temperature, dropping only 4.5% from 346.3K compared to the 11.7% drop from
325.9 for the second circular pin.

The pins least affected by the gap change are the elliptical pins. The first pin only
shows a drop of 2.6% from 322.27K at 3mm to 321.5IK at 12mm. The 2"*^ pin has a
low temperature change also, dropping 4.3% from 335.84 K at 6mm to 334 K at
12mm.

All the previous information describes the condition of the individual pins. It is also
important to directly compare the temperature differences between the first and
second pin at each stage. Figure 4.9 displays this relationship. Pin spacing is shown
on the x-axis. The y-axis displays the temperature difference between the first and
second pin for each shape. (The data used to plot the graph can be found in table A.2
in appendix A).

Pin Spacing (mm)

Figure 4.9: Temperature Difference vs. Pin Spacing
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The square pins have the greatest temperature difference of between 37% at 6mm to
40.3% at 12mm. It must also be noticed that the temperature difference increases from
6 to 12mm. The aim is to try and have as little temperature difference as possible so
that the heat spreads uniformly. Therefore going beyond 6mm gap in this case is
undesirable. The temperature difference between two pins drops by 8% when the gap
between circular pins is extended from 3 to 12mm. The teardrop also seems most
effective with a gap of 12mm.

The ellipse has the lowest temperature differences ranging from 13.8IK at 6mm to
12.49K at 12mm. The least optimum spacing is at 6 mm where the temperature
difference is at its max. This is because, as seen in figure 4.8, there is a slight increase
in the second pins temperature when placed at 6mm. Other than this, there is no
significant difference in the temperatures if the pin is at 3, 9 or 12mm.

The data in figure 4.9 shows the effect of varying the space between two pins in line.
Although, these are not optimum solutions, they do display the relationship between
shielding and spacing between pins. The circle, for example, has the highest
temperature difference between the two pins at 3mm and the littlest at 12mm. This is
due to the fact that at a distance of 12mm the airflow has almost returned to its
original streamline, whereas at 3mm shielding is at a maximum. The ellipse is
different in the sense that at all distances the temperature difference remains more or
less constant except at 6mm. Therefore, at 6 mm the streamline is tripping over the
second pin more than at any other distance.
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4.3

Pin/Fin Arrays Using Different Pin/Fin Shapes
Previously in this chapter, the proximity and effect of shielding of one pin/fin

on another was demonstrated. This highlighted the importance of optimising the
arrangement of pins when they are set into an array. The order of fins in an array will
affect the performance of a heat sink. This will be investigated in the next section of
this chapter where different pin shapes will be modelled using CFD in different types
of pin/fin arrays. It will be determined from 2D analysis which of four shapes shows
the best performance in forced convection flow, and the effect of having the pins in an
aligned or staggered arrangement.

4.3.1

Model Specifications

The four shapes being modelled are the same as described previously: circle, square,
ellipse and teardrop (figure 4.3). An extra shape was added which will be called the
reverse teardrop. It is the same dimensions as the regular teardrop, the difference
being that the triangular tail will face into the flow instead of the hemisphere of the
teardrop. All the shapes cross sectional area’s are listed in table 4.1:

Shape

Cross Sectional Area (in')

Circle

7.069 X 10-^

Square

7.023

X

10-^

Ellipse

6.861

X

IQ-*

Teardrop (& Reverse)

8.034

X

10-^

Table 4.1: Shape Cross Sectional Areas

Each shape was analysed in two different pin arrays: aligned and staggered (figure
4.10 (a) & (b)). The aligned pin arrangements had a centre to centre distance of 6mm
between the pins in both the horizontal and vertical directions. The staggered
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arrangement had a 6mm centre to centre vertical distance between the pins. The
horizontal distance to the staggered row was also 6mm with a vertical offset of 3mm.

(f)

@

6mm

@

(§)

'a): Aligned Pins

(b): Staggered Pins
Figure 4.10: Pin Arrangements (a) Aligned; (b) Staggered

Boundary Conditions

The first boundary condition applied to each pin arrangement was symmetry. Figure
4.10 (a) and (b) show the symmetrical arrangement. The bottom row of pins which
appear as semi-circles is the axis of symmetry. The horizontal line on the semi-circles
is the axis about which the two dimensional symmetry acts. In reality the aligned pin
array has 25 pins and the staggered array has 23. Symmetry, as explained in chapter 2,
helps reduce the run time of the simulation.
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The remaining boundary conditions applied as seen in figure 4.11 were:

Inlet and Outlet air temperature of 293 K
Inlet and Outlet pressure of 0 Pa
Fluid surrounding the pins defined as air
Pin material defined as Aluminium with properties:
Density (p) = 2702 kg/m^
Specific Heat Capacity (Cp) = 903 J/kg-K
Thermal Conductivity (K) = 237 W/m-K
Pins had a volume condition defined as a volumetric heat source to the
value of 4x10^ W/m^ on each pin
Inlet velocities were set at 0.5, 1, 2, 3 and 4m/s

Figure 4.11: Image of Model Setup (Aligned)

It was assumed that all the models for the different pin shapes and arrangements had a
uniform heat source beneath the imaginary base of the heat sink as seen in figure 4.12.
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Heat Sink

Heat Source

Figure 4.12: Heat Sink with Uniform Heat Source

4.3.2

Analysis Results Based on Average Pin Temperature

rhe temperatures for each pin were tabulated for all the shapes at each air velocity
using the colour profiled images. Then the average pin temperature was obtained for
each shape, arrangement and velocity. A graph of temperature (K) vs. air velocity
(m/s) was plotted in figure 4.13. (Data and images for this section can be found in
appendices A.3 and A.4).

440.00

i

390.00 -

2.0

2.5

Velocity (m/s)

Figure 4.13: Average Pin Temperatures
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The staggered ellipse appears to be the best performing arrangement and shape
amongst all the results. Overall its average temperature is lower at all velocities than
any other arrangement or shape. It has a maximum average temperature of 400.47K at
0.5m/s and this drops 76.9% to the minimum average of 317.88 at 4m/s. The aligned
ellipse is second best at 0.5 and Im/s but moves into third place at 2 m/s at which
point the staggered reverse teardrop outperforms it up to and including 4m/s. The
regular staggered teardrop is the worst performing shape and profile having a
maximum average temperature of 460.79K at 0.5m/s. When the velocity is at 2m/s the
regular staggered teardrop and aligned reverse teardrop follow a very similar
temperature profile.

The rate of change of the average pin temperature for each shape decreases as the air
velocity increases. In all shapes and arrangements there is a substantially bigger
temperature change between 0.5 and Im/s than there is between 3 and 4m/s. Between
0.5 and Im/s, the staggered ellipse (red broken line in figure 4.13) temperature drops
by 37.7%. Then from 1 to 2m/s the temperature drops by 24.5%, until eventually
between 3 and 4m/s the temperature only falls by 4.9%. This shows that the shape of
the pin has more influence on the cooling of the heat sink at lower air speeds. There is
a great advantage of increasing the air speed from 0.5 to Im/s but little advantage in
increasing from 3 to 4m/s.

Analysing the difference in average pin temperature, between the aligned and
staggered arrangements, the results show that for the ellipse and the reverse teardrop
the staggered arrangement is more efficient, and for the circle, square and regular
teardrop, aligned is cooler. An analysis of the temperature spread across the individual
pins will be carried out in the next section to determine the optimum arrangement.

4.3.3

Analysis of Results Based on the Analysis of Individual Pins

It is important to investigate the temperatures of the individual pins in order to
understand what pins in the array are more effective and which ones are not operating
efficiently. Figure 4.14 (a) and (b) displays the central line of pins (as well as the
other pins in the array) which will be compared in this section. The aligned pins 1 to 5
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refer to the central line of symmetry pins (semi-circles in figure 4.14 or the symmetry
shape for all other shapes), with 1 being the left pin moving through to 5 on the right.
The staggered pins 1, 3 and 5 refer to the central line symmetry pins, again with 1
being on the left moving through to 5 on the left.

(a) Aligned Pins

(b) Staggered

Figure 4.14: Pin Numbers (a) Aligned; (b) Staggered

The only exception to the rule occurs when analysing the reverse teardrop. The easiest
way to setup this was to take the regular teardrop and move the inlet to the right, the
outlet to the left and change the direction of the airflow from right to left (figure 4.15).
In this case the pins are numbered from right to left.
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The first shape which shows most clearly that staggered is better than aligned is the
ellipse. Figure 4.16 is a graph of the central line pin temperatures vs. the pin location.

Pin l.ocation

Figure 4.16: Ellipse Pin Temperatures
There is little or no difference between the frontline pins of the aligned and staggered
pins. The maximum temperature difference is less than 1.72K throughout the range of
air velocities. Beyond the first pin there is a significant divergence between the
aligned and the staggered pin temperatures. The temperatures at each pin location are
lower in the staggered arrangement than in the aligned arrangement for air velocities
of Im/s up to 4m/s. At 0.5m/s the temperatures for staggered and for aligned converge
and swap positions at the last pin. The staggered temperature at this point is slightly
higher by 2.6%.

At the lower air velocities there appears to be very little linearity in the pin
temperatures going from 1 to 5. Linearity in temperature is important as it shows the
efficiency of the heat sink at spreading the temperature. If non-linearity exists, it
means that one portion of the heat sink is doing a lot of work to remove heat and
another section is not. When the air hitting the front row is at full velocity, the air
pressure reduces and velocity increases, meaning that the heat transfer efficiency
reduces along the length of the heat sink. The staggered pins at 3 and 4m/s show a
great improvement in linearity, suggesting that there is little drop in air pressure and
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increase in velocity. Also, at these velocities the temperature change from pin 1 to 5 is
only approximately 16K at 3m/s and 13.5K at 4m/s.

Air velocity has an impact on the cooling ability of the heat sinks which is seen when
the temperatures of the pins at 0.5 and 4m/s are compared. The front pin temperature
of the staggered pins is 361.7K at 0.5m/s and 314.9K at 4m/s. That is a 47.8K
difference. This difference increases to 136.5K at pin 5 where the pin at 0.5m/s
reaches 465. IK. The impact of air velocity on temperature is reduced at the higher air
velocities. Going from 0.5 to 1 m/s, the central pin (pin 3, staggered) temperature
reduces by approximately 20K. When the velocity is increased from 3 to 4 m/s the
temperature only reduces by 4 to 6K.

The ellipse is an example of a test case that shows that the staggered arrangement is
significantly better than the aligned. It is not as clear from the results of the square pin
arrangements which is more efficient. The average pin temperature analysis suggested
that at all air velocities an aligned pin arrangement was more efficient at cooling the
square pins. Studying figure 4.17 suggests that this may not be the case

490.00

Pin Location

Figure 4.17: Square Pin Temperatures
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Similar to the ellipse, there is not much difference in the between the aligned and
staggered pin temperatures at the first pin. After the first pin, the temperatures diverge
with the staggered temperatures being lower at all air velocities up to the third pin. In
the region of the fourth aligned pin all of the staggered pin temperatures start
increasing faster than the aligned and cross over the aligned pin lines at all air
velocities.

As a result the fifth pin temperatures are higher for the staggered

arrangements at all velocities. These temperatures are significantly higher at air
velocities of 0.5, 1, 2 and 3m/s, with a difference of 20.7% at 0.5m/s reducing to 8%
at 3m/s. There is only a difference of 5.75K at 4m/s. It is this high temperature on the
fifth pin which raises the average temperature of the staggered pins. If this heat sink
were to be used to cool a device, it is possible that the fifth pin/peripheral pin would
not be subjected to temperatures as high as what is seen here. This is explained
below.

An assumption stated previously was that pin arrangements were heated with a
uniform heat source beneath the '■‘imaginary” base. This means that all the pins in the
arrangements were absorbing the same amount of power. In reality the device
dissipating power would be much smaller than this and would only cover a small area
of the heat sink base. This is illustrated in figure 4.18. In this type of arrangement the
heat is allowed to spread horizontally as well as vertically from the source. The core
pins (central pins) receive most of the power and the peripheral pins assist in the heat
spread. As a result the peripheral pins would not get as hot as the core pins.

Heat Source

25.25nn

Figure 4.18: Central Heat Source
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The data for the peripheral pins in the models becomes unreliable for describing
accurately their temperatures when the heat source in figure 4.18 is considered. The
central pin temperature can provide a more accurate comparison between the aligned
and staggered pins. It is the one pin which is not affected by the change from a
uniform to centralised heat source, as it receives the same heat flux input for both the
staggered and aligned arrangement. A new graph (figure 4.19) was plotted similar to
figure 4.12. In this plot though, the absolute temperature of the central pin is plotted
against the air velocity. (Data for figure 4.19 can be found on CD in back cover of
thesis in folder 'Appendix A\A4').

This graph tells a completely different story to the one from figure 4.12. Clearly, for
all shapes, the central pin in the staggered arrangement is cooler than the same pin in
the aligned. The coolest shape in the aligned arrangements is the ellipse, having a
temperature range of 427.03K at 0.5m/s to 338.48K at 4m/s. The staggered ellipse,
reverse teardrop and circle outperform the best aligned shape (ellipse) at all air
velocities. The staggered square also outperforms it except at 4m/s where the square
temperature is 8% higher. The staggered teardrop is cooler than the other aligned
shapes at all velocities and matches the aligned ellipse at 3 and 4m/s.

340.00

2

2.5

Velocity (m/s)

Figure 4.19: Central Pin Temperature
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The best performing (coolest) shape and arrangement overall was the staggered
ellipse. This shape had a temperature range of 395.42K at 0.5m/s to 320.IK at 4m/s.
This shape is cooler than any other shape by a minimum of 14% at 0.5m/s. The
staggered reverse teardrop has a 65.7% drop in temperature between 0.5 and 2m/s,
dropping by 88.22K. From 2m/s onwards its performance is almost on level with the
staggered ellipse, its temperature being at most 7.3% higher than the ellipse. In
contrast to this though, the aligned reverse teardrop and regular teardrop are the worst
performing shapes with temperatures ranging from 456.07K at 0.5m/s to 350.83K at
4m/s. The reverse teardrop is only very slightly better at 4m/s than the regular
teardrop and the square.

4.4

Conclusions
The first task outlined in this chapter was to describe the airflow around the

different shapes being used and to demonstrate pin shielding. Airflow diagrams
produced using CFD analysis of two pins in line showed that the ellipse had
approximately 50% surface area contact with the flowing air on both the first and
second pin. This was higher than the other three shapes. The square’s ability to
streamline the air over its surface was very poor. Separation occurs on the leading
edge of the first pin, deflecting air away from the top of the first pin and the entire
second pin. This produces poor heat transfer efficiency as it creates big stagnant air
pockets between pins. The circle and teardrop showed similar effects with air
separating both at 90° and only skimming the second pin.

Pin spacing effects were also modelled using CFD. Each shape displayed different
behaviour as the gap between the two pins was increased. For example, the square had
its lowest temperature difference of 37.3% when the gap was at 6mm, whereas the
ellipse had its highest temperature difference at this distance. The circle showed a
constant and linear drop in temperature difference as the gap opened from 3mm to
12mm. The teardrop linearity remained relatively steady, varying by approximately
2.5% between 3 and 9mm, but dropped then by 4.5% at 12mm.

Page I 70

Chapter 4

2D Investigation of Pin/Fin Shapes

Chapman et al. suggested that the ellipse could be modelled to determine if a
staggered or aligned pin arrangement was more effective at cooling. All four shpaes
were modelled in an aligned and a staggered arrangement, with the inclusion of the
reverse teardrop, at 0.5, 1, 2, 3 and 4m/s to answer Chapman et al’s question. Previous
to this research the reverse teardrop had not been investigated as a possible pin shape.
Initially the average temperature of each arrangement was plotted against velocity. It
appeared that overall the aligned setup was more efficient except for the ellipse and
the reverse teardrop. It was assumed in the model that all pins in the array had the
same power input. This would not be normal though as devices generally only cover a
small area of the heat sink base. As a result it was decided to analyse the individual
pin temperatures. The temperature of a centrally located pin was plotted against
velocity for all shapes. Results showed that all the staggered arrangements were
cooler than their aligned counterparts. The best performing shape and arrangement
was the staggered ellipse. It had a temperature span going from 395.42K at 0.5m/s to
320.IK at 4m/s. The reverse teardrop was a close second being only 1.8K higher in
temperature at 4m/s.

All shapes were the coolest at 4m/s. The staggered reverse teardrop showed the
greatest improvement in cooling from 0.5 to 2m/s, with its temperature falling by
65.7%. Individual shape analysis also showed that the staggered ellipse had the most
uniform temperature distribution from front to back with the temperature rising by
38.2% at 4m/s. The staggered square had the least uniform for the same velocity,
increasing by 65% from front to back. A uniform temperature distribution is important
for spreading and dissipating the heat away from the heat source.
Although the ellipse and reverse teardrop appear to be the most efficient pin shapes,
their manufacturing costs must be considered. Manufacturing circle or square pin heat
sinks is cheap as they are an easy shape to generate. Ellipses and teardrops are more
complex shapes to make in any manufacturing process which will have the net effect
of increasing production costs. It must be determined from a performance and cost
analysis whether the cost of manufacturing these complex shapes is outweighed by
the gain in performance created by them.
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Introduction
A flat cooling plate is the simplest type of heat sink. It operates the same way

as a pin/fin heat sink. The plate is attached to some sort of heat generating device and
through convection, the plate cools the device.

I'his chapter describes the basis behind the selection of alum.inium over other
materials for use in heat sinks. An experimental analysis was undertaken on four
materials, (aluminium, copper, mild steel and stainless steel), to determine which
performs better in dissipating heat in a natural convection environment. Flat plates
were used for this as heat sinks made from different materials are not readily
available. The plates were mounted horizontally initially and then vertically to
determine which orientation is more efficient. The flat plate theory used for
experimental calculations is described in detail in section 2.3.

The thermal performance of the flat plates was measured using a thermal imaging
camera and K-type thermocouples. In this chapter calibration of the thermal imaging
camera for use with various materials is described and the methods that are used to
maximise the efficiency of the camera’s use.

5.2

Free Convection Experimental Testing of Flat Plates
The testing of four metal plates was carried out to determine which of the

metals is most suited to plate cooling and whether the plates should be mounted
horizontally or vertically. In addition, the test also gave an opportunity to calibrate the
thermal imaging camera.

Aluminium, copper, mild steel and stainless steel were the four metals chosen for the
test. Aluminium and copper were chosen as they are the two materials which are
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currently used to make heat sinks. Mild Steel and stainless steel were also chosen as
alternatives as they are common materials which are widely available. Many other
materials could have been chosen but their availability and cost ruled them out. For
example, silver has a high thermal conductivity of 419 W/m-K [13], however its cost
far outweighed its justification for use.

5.2.1

Experimental Setup

Each of the four plates was 3mm thick and was cut to a width of 50mm and a length
of 75mm (figure 5.1(a)). They were then bonded onto a silicone rubber heating mat,
as shown in figure 5.1(b) which had a resistance coil that allowed a maximum power
load of 3.75 W. The power was supplied via a DC power source with a range of 0 30 Volts. A polystyrene base board, with a thermal conductivity of 0.04 W/mK [14],
with a thickness of 15mm, was placed underneath the plates to direct all of the heat
coming from the mats up through the metal plate (figure 5.2).

(a)

(b)

Figure 5.1: (a) Plan View of Plate; (b) Exploded View of Plate and Heater Mat
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Figure 5.2: Experiment Setup

K-type thermocouples with a flat metal disc were fitted to the plates with thermal
paste and thermal adhesive pads. The disc allowed the thermocouple junction to make
good surface contact with the plate surface, improving the accuracy of the results. The
thermocouples were read using a thermocouple reader. Ambient temperature readings
were taken using an alcohol glass thermometer.

Inframetrics’ ThermaCAM PM380 (figure 5.3) was used to record the thermal
images. Infra-red thermography is a non-contact method of measuring the temperature
of surfaces. In this experimental setup the camera is placed vertically above the plates
looking down at them for the horizontal test, and placed horizontally looking in at
them for the vertical test. Care had to be taken not to point the camera perpendicular
to the surface. It should be placed at some angle which does not exceed 45/50° [17].
This prevents the camera from reflecting its own heat off the surface of the plate.
Images were captured and compared to readings taken from the surface mounted
thermocouples. All thermal images and spreadsheet data for this chapter can be found
in appendix B.l
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Figure 5.3: Inframetrics Thermacam PM380
5.2.2

Testing procedure

Two plates were tested together for each scenario (i.e. horizontal and vertical) to
reduce time and to attempt to make sure that conditions were as identical as possible
for each plate to allow direct comparison. Aluminium and copper were tested together
and then the mild steel and stainless steel. The testing procedure was as follows:

1. The aluminium and copper plates were set up in the horizontal position
2. The thermal imaging camera was switched on and given time to cool down
3. Using the alcohol glass thermometer the room temperature was recorded
4. The thermocouple temperatures for the surface of each plate was recorded
5. Once the camera had cooled, an image of the plates at room temperature
was taken
6. The power supplies were switched on and the voltage increased to 12
Volts*
7. When the plate temperature increased by approximately 7/8°C, the supply
was reduced to a steady state voltage of 3 Volts^
8. The plate temperatures were allowed to settle to steady state. The criteria
for this was that it didn’t change by ±0.1 °C for 10 minutes
12 Volts is the maximum voltage that can be input to the rubber mats
The plates reached steady state much faster if they were heated up to above the steady state
temperature and left cool, rather than leaving them to climb to the steady state temperature.
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9. Once steady state was achieved the thermocouple temperatures were
recorded and a thermal image taken.
10. Steps 6 to 9 were repeated, increasing the steady state voltage by 1 volt
each time up to 10 volts.
11. Steps 3 to 10 were repeated for the mild steel and stainless steel plates

After the plates were tested it took them a while to cool down so they were left cool
overnight. Once they had returned to room temperature the plates were tested
vertically using the same procedure as described above. During the entire testing
procedure, although the room temperature was not directly controlled, it only varied
by approximately ±1.5°C.

5.2.3

Thermal Camera Emissivity Calibration

Initially all four plates were tested in their raw states. They were the standard 75 x 50
X 3 mm plates described in 5.2.1. A number of problems were encountered which
needed to be overcome. Although the surfaces of the plates were slightly oxidised
they were still reflecting infra-red light from other surfaces in the room. The image
captured by the thermal camera was very poor, an eample of which can be seen in
figure 5.4. Figure 5.4(a) shows a normal photograph of the aluminium plate. Figure
5.4(b) shows the thermal image of the same plate at a power input of 4.4W.

(a)

(b)

Figure 5.4: Aluminium Plate (a) Photograph; (b) Thermal Image
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A high temperature reading of 75°C and a low temperature of 53°C are located very
close to each other just to the right of the centre of the plate. There appears to be a
ring in this region, suggesting that the temperatures are some reflection of another
object in the room. {Note: The four circular hotspots on the plate are holes which
were drilled in the plates).

It was decided to retest the plates to try and improve the quality of the thermal images.
A new set of plates of dimensions 75 x 50 x 3mm were made up without holes in
them. Their surface was roughened with sandpaper to remove the shiny surface and to
minimise reflections. Also, by recommendation of FLIR Systems [36], a piece of
black tape was placed on the surface of plates. The black tape is to represent a black
body surface which should have an emissivity close to 1. Electrical tape has an
emissivity of approximately 0.95 [38].

Figure 5.5 shows the thermal image of the new aluminium plate with the black tape. It
is mounted in the vertical position. There is an input of 2.1 W into the heat mat.

Celsius

I r/termote/fft/xI Thermacam - 12 Bit 120:14:04 103

Figure 5.5: Aluminium Plate with roughened surface and black tape

It is evident that a much clearer image has been generated by roughening the surface.
There are no longer any hot spots reflecting off any other objects nearby. The upper
rectangular hotspot on the plate is the black tape and the lower bigger one is the
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thermocouple. There are also hotspots apparent on the top and bottom of the plate
coming from the tape being used to tape the plates to the polystyrene backing.
The thermocouple was reading a value of 65.6°C. The black tape measured the same
temperature when the emissivity on the camera was set to 0.85. The emissivity is
much lower than the 0.95 recommended. This could be because the tape had a slightly
shiny surface, not a matt black surface. The rest of the plate matched this temperature
at an emissivity of 0.16. The typical value for the emissivity of an unpolished
commercial sheet of aluminium is 0.09 for a normal sheet and 0.20 - 0.31 for a
heavily oxidised sheet [13].

A full test of all four plates was carried out and a graph of emissivity against
temperature was plotted in figure 5.6. The emissivity shown on the graph is the value
of emissivity which was required to achieve the same temperature as recorded on the
thermocouples. A common trend was seen with all four plates in that the emissivity
was not constant but dropped as the plate temperature increased.

Figure 5.6: Flat Plate Emissivity (Roughened Surface)

Mild steel and stainless steel had an initial emissivity of approximately 0.9, reducing
to 0.7 and 0.6 respectively. Aluminium had an initial emissivity of 0.58, and copper
0.5, both reducing to 0.17 over the temperature span of approximately 40°C. In each
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case the emissivity reduced from an initial value and then levelled off. The emissivity
of a surface should not change so significantly with increasing temperature. It was
concluded from this that the camera emissivity could not be calibrated for the bare
surface of these plates. The solution was to coat all the plates with black paint.

All four plates were coated in black paint and tested under the procedure described in
section 5.2.2. The emissivity in each thermal image for each power value was set such
that the average plate temperature matched the thermocouple temperature.

More consistent results were obtained from this test as is seen in figure 5.7. This is a
plot of actual temperature (°C) versus emissivity for the aluminium plate (figure 5.7)
in both the horizontal and vertical positions. The emissivity had an average of 0.97
when the camera was set to the thermocouple temperature. The emissivity did
fluctuate a little but overall this was only by ±0.01, which is only ±1%.

Figure 5.7: Aluminium Plate Emissivity

When tested, the copper, mild steel and stainless steel showed similar trends with the
average emissivities being 0.98, 0.98 and 0.96 respectively (Figure 5.8 to 5.10).
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Figure 5.8: Copper Plate Emissivity

Figure 5.9: Mild Steel Plate Emissivity

Figure 5.10: Stainless Steel Plate Emissivity
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In summary, thermal imaging is very useful for showing visually the temperature
gradient of surfaces. This can be translated into numerical data, however calibration is
essential if this is to be done effectively. The widest application for thermal imaging is
fault finding, which does not require absolute temperature readings. In fault finding,
especially from an electrical point of view, all that is needed is evidence of hot spots.
Regarding heat sink analysis however, the absolute temperature of the plate/heat sink
is needed. To be able to read the absolute temperature of a surface the emissivity is
needed, otherwise the correct temperature will not be displayed. This is why the
calibration process was undertaken. Once the emissivity of an aluminium or copper
surface etc. is known, other objects of the same material and similar surface finish can
be tested with confidence in the recorded thermal camera temperature, removing the
need for thermocouples to be placed all over the heat sink.

The tests carried out on the plates in this section showed that the surfaces of the
materials were too reflective to be able to read the temperatures accurately. As a result
the surfaces had to be painted black. Due to the challenges to image the un-coated
surface of the metals, future testing of heat sinks and plates will require that the
surfaces be painted to allow absolute temperature measurement using thermal
imaging. It was found that the paint used had an emissivity of 0.97.

5.2.4

Plate Orientation

In Simmons’s [37] article on natural convection cooling, the advantage given by using
natural convection is described. The advantage is that the cost of incorporating a
dedicated fan into the cooling operation of electronics is removed. Although this
method reduces the heat transfer coefficients and as a consequence limits the heat
which can be removed, many applications can still be cooled efficiently using natural
convection.

It was suggested in Simmons’s [37] paper that equation 2.13 (chapter 2) can be used
to calculate the heat transfer coefficient for a flat plate, and thus an estimate can be
found for the surface temperature. It was shown (by Simmons [37]) under theoretical
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basis in figure 5.11 that when mounted vertically, the flat plate has a higher heat
transfer coefficient (h) than when mounted horizontally.

Figure 5.11: Horizontal vs. Vertical Plate Orientation (Theoretical) [37]

The testing procedure set out in section 5.2.2 was carried out to confirm this theory
experimentally for all four materials, aluminium, copper, mild steel and stainless steel.
Each plate was tested horizontally and vertically, with the power input, the surface
temperature and the ambient temperature being recorded. The heat transfer coefficient
for each material in each orientation was calculated using equations 2.3 to 2.13
(chapter 2) and graphed against the heat flux applied to the plate in figure 5.12.

12.0

Figure 5.12: Horizontal vs. Vertical Plate Orientation (Experimental)
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In figure 5.12 the heat transfer coefficient for the horizontal plates is approximately 2
W/m^K higher than the vertical plates for all materials and all heat flux inputs.
Graphing the temperature difference against the heat flux for each material will give
an indication as to whether figure 5.12 is correct or not. Newton’s ID heat flow
equation (eqn. 2.1) implies that if the applied heat flux remains the same for both the
horizontal and vertical orientations, and the heat transfer coefficient for the horizontal
is higher than the vertical, then the temperature difference for the horizontal should be
lower than the vertical.

Figure 5.13 represents the graph for aluminium. According to this the vertical
temperature difference is slightly lower than the horizontal for the same range of
applied heat flux. Although the temperature difference for the vertical is smaller the
heat transfer coefficient is also smaller. The temperature difference is a measured
value and is correct, therefore the calculated values for the heat transfer coefficient in
figure 5.12 are incorrect.

Figure 5.13: Aluminium Horizontal vs. Vertical Temperature Difference

Figures 5.14 to 5.16 represent the temperature difference versus applied heat flux for
the copper, mild steel and stainless steel respectively. There are insignificant
differences in the temperature difference between the horizontal and vertical for all
three materials. It is expected that when the heat transfer coefficient for all three is
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calculated that there would also be very little difference in the heat transfer coefficient
between the horizontal and vertical mounting. This is not the case. Figure 5.12 shows
that there the horizontal heat transfer coefficients for all materials are approximately
30% higher than the vertical coefficients.

Figure 5.14: Copper Horizontal vs. Vertical Temperature Difference

Figure 5.15: Mild Steel Horizontal vs. Vertical Temperature Difference
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Figure 5.16: Stainless Steel Horizontal vs. Vertical Temperature Difference

This could be explained by the stability and user criteria of equation 1.10a, used to
calculate the Nusselt number. Both McAdams [16] and Incropera & DeWitt [14] state
that this equation is only applicable for Rayleigh numbers in the range of 10"^ to 10^.
The Rayleigh number was always in the 10 range for all four materials in the
horizontal case, thus making the equation unstable for use to calculate the heat
transfer coefficient. If the plate was bigger, for example 150mm x 100mm, then the
Rayleigh number would be in the correct range with a lower value of 1.05 x 10"^ for an
applied heat flux of 59 wW. Simmons [37] used plates that were 0.1m x 0.1m.

Churchill and Chu [17] commented on the use of expressions dealing with different
ranges of Rayleigh numbers. They state ‘‘'...results are mostly limited to the
intermediate range of Rayleigh numbers for which the postulates of laminar boundary
layer theory are applicable; a completely satisfactory theory has not been developed
for either the diffusive regime (low Rayleigh numbers) or the turbulent regime (high
Rayleigh numbers).''
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Material Selection

In general, aluminium has been the predominant material used to make heat sinks.
Part of the testing procedure was to determine why aluminium is so widely used over
any other material. Due to the low Rayleigh number generated for the horizontal plate
tests, this section concentrates solely on the vertical plate tests.

Comparing the heat transfer coefficients for the four metals, it initially appears that
there is no significant difference between them. Figure 5.17 shows a plot of heat
transfer coefficient versus the heat flux applied to the metal plates through the heat
mats.

Figure 5.17: Vertical Plate Orientation (Experimental)

All of the plates have very similar heat transfer coefficients, with the maximum
variation being only approximately 0.12 W/m K between aluminium and mild steel at
a heat flux of 137.65 wW. This is because the formulae used to calculate the
Rayleigh number, Nusselt number and heat transfer coefficient do not make any
reference to the type of material being used. The only physical properties of the plate
which are used are the dimensions of the plate (used to calculate the characteristic
length) and the surface temperature of the plate. No consideration is made for the
specific heat capacity or the thermal conductivity of the material.
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Another means to quantify the use of one material over another needed to be found
based on the properties of each material. The density (kg/m^) of each material was
found by dividing its mass (kg) by its volume (m^) (equation 5.1):

P

m
V

(5.1)

This was then divided into the heat transfer coefficients calculated. The result is a
value that describes the heat transfer performance of a material based on both its heat
transfer coefficient and its density. This is plotted against the heat flux (W/m ) in
figure 5.18.

Figure 5.18: Material Performance Value

Copper, mild steel and stainless steel still have similar performance values ranging
from approximately 27.7 Wm/kgK to 85.5 Wm/kgK, with mild steel being the best of
the three followed by stainless steel. That is because all three have very similar
densities. Aluminium outperforms all three significantly with its performance value
ranging from approximately 88.5 Wm/kgK to 242.7 Wm/kgK. That is an
improvement 3 times that of the mild steel.
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Cost also plays another vital role in the choice of heat sink material. According to the
CES material selector [38], the market cost per kg of aluminium is substantially
cheaper than copper and stainless steel. Although mild steel is cheaper per kg than
aluminium, it is a lot denser than aluminium making mild steel heavier when two
units of the same dimensions are compared and thus more expensive. See table 5.1

Cost (€/kg)

Density
(kg/m^)

k
(W/mB

Aluminium

1.71 - 1.88

2500-2900

237

903

Copper

4.95 - 5.05

8930 - 8940

401

385

Mild Steel

0.541 -0.595

7800 - 7900

60.5

434

Stainless Steel

5.25 - 5.77

7600-8100

15.1

480

■ Material

Cp
CJArKL.

Table 5.1: Material Costs [38], [14]

More recently copper is being used in heat sinks such the radial fin heat sink shown in
figure 5.19, which has a copper pot chamber in the centre. However the amount of
copper used is a lot less than the amount of aluminium used. It would be very costly
to make heat sinks completely from copper.

Figure 5.19: Radial Fin Heat Sink with Copper Core
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Other considerations made for material selection are based on the actual function of
the heat sink. It is a non moving mechanical device which has no direct heavy
loading, so it can be made from a material that has relatively low yield strength.

The yield strength of a material describes the point at which deformation goes from
being elastic to plastic [39]. The stress on the material is no longer proportional to the
strain once the yield point is exceeded and when the applied load is removed the
material will not return to its original shape. Aluminium is a material which fits this
description having a yield strength of 40 MPa [40]. Copper also has a low yield
strength of 60 MPa. but mild steel and stainless steel have high yield strengths of 220
MPa and 240-400 MPa respectively.

Machining is a cost related issue in the manufacturing of heat sinks. Ideally, materials
being used should be easy to machine which helps in reducing tool wear and
expenditure on consumables (cutting tools). A material property that affects this is the
Ultimate Tensile Strength (UTS). The ultimate tensile strength describes the
maximum stress applied to a material before failure/fracturing (breaking) occurs [39].
Aluminium has a low UTS of 200 MPa. Copper, Mild steel and stainless steel have
higher UTS’s of 400 MPa, 430 MPa and 500-800 MPa respectively. As a result, lower
cutting forces are required during the machining of aluminium than the other three
materials making it easier to machine.

5.3

Discussion
The thermal imaging camera needed to be calibrated to ensure that any

temperature readings taken with it were accurate. Calibration involved heating up the
four metal plates (aluminium, copper, mild steel and stainless steel) and taking a
snapshot of the plates using the thermal camera at each power input interval. A direct
temperature reading was also taken using a thermocouple fixed to the plate.
Afterwards the emissivity of the image was adjusted until the image surface
temperature reading matched the thermocouple reading.
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Initially the plates were too reflective to give usable temperature readings.
Temperatures on the image were erratic and non uniform on the plate surface. New
test plates were made up where the surface of them was roughened with sandpaper.
Although a clearer more uniform temperature distribution was seen in the images the
emissivity did not remain constant. While the temperature of the plates increased the
emissivity fell substantially by between 0.3 and 0.5 as seen in figure 5.6. The plates
were coated in black paint. Black body objects have an emissivity close to 1. When
the plates were retested the aluminium had an average emissivity of 0.97 throughout
the range of temperatures. Copper, mild steel and stainless steel had average
emissivities of 0.98, 0.98 and 0.96 respectively.

5.4

Conclusions

One reason for testing the metal plates was to determine whether they had a higher
heat transfer coefficient when they were mounted horizontally or vertically. Simmons
[37] showed in figure 5.11 that the vertical plates should have a higher heat transfer
coefficient when mounted vertically. When the metal plates were tested and their
coefficients calculated the opposite was seen. The horizontal plates had a 30% higher
h value. There was a flaw in this result as for all four plates there was very little
difference between the temperature difference of the horizontal and vertical. The
aluminium plate had a heat transfer coefficient even though the temperature difference
for the vertical was also lower, which goes against Newton’s ID [13] heat flow
theory. A possible explanation for this is that all the Rayleigh numbers for the
horizontal plates were of the order 10 . The criteria for equation 2.10 (a) (the formula
for the Nusselt number), is that the Rayleigh number must be at least lO"^. Simmons
[37] had plates bigger plates of 0.1m x 0.1m and obtained a Rayliegh number of at
least lO'^.

The final goal of this analysis was to determine why aluminium is the most widely
used material for heat sinks. The equations which are used to calculate the heat
transfer coefficient of a metal plate do not account for the type of material being used.
This is why, when calculated the plates all appeared to have the same coefficient as
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seen in figure 5.17. A performance value was developed which took into account the
density of the material being used. The heat transfer coefficient was divided by the
density giving a performance value with units Wm/kgK. Aluminium outperformed the
other three materials having a performance value of between 88.5 Wm/kgK and 242.7
Wm/kgK. The other materials had a range of approximately 27.7 Wm/kgK to 85.5
Wm/kgK. Comparing the metals on a cost basis also shows why aluminium is used
for heat sinks. Table 5.1 shows how they compare. Aluminium has a lower cost per kg
than copper and stainless steel and a lower density making it much cheaper to use.
Although mild steel has a lower cost per kg than aluminium, it is much denser. If the
two cooling plates of different materials had the same dimensions, due to their
densities they would have a similar cost. What separates the two is their mass.
Aluminium is a better choice for mounting to a motherboard as it makes the PC
lighter overall.
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6.1

Introduction
Intel is one of the world’s leading developer and manufacturer of processors

for home and office computers. Most computer and laptop manufacturers such as Dell
[41], Hewlett Packard [42], Toshiba [43] and Acer [44] offer Intel processors as their
primary Central Processing Unit (CPU). The heat sink attached to a particular Intel
processor may vary from one manufacturer to another.

This chapter will investigate four classic style heat sinks which were taken from
Intel’s Pentium 1 and Pentium II processors. The four heat sinks are subjected to
identical experimental testing. A long fin heat sink is analysed seperately to the other
three to demonstrate how a heat sink operates to dissipate power. The other three heat
sinks are tested to determine whether they perform better when mounted horizontally
or vertically. Two of these three are then compared to see which performs better, the
pin array or long fin heat sink.

6.2

Heat Sink Thermal Analysis Theory
Sikka et al. [21] tested a collection of heat sinks all with a square base of side

length 63.5mm. Nine heat sinks were tested overall, including a long fm heat sink, a
pin heat sink and wavy fin heat sinks. They were tested in both horizontal and vertical
orientations under forced and natural convection. The formulas outlined in the paper
for the natural convection testing relate directly to the heat sinks tested in this chapter
and so form the basis of the experimental testing analysis.

The aim of the testing is to allow direct comparisons to be made between heat sinks
based on their performances. The thermal performance of a heat sink is based on a
series of dimensionless numbers including the Nusselt number (Nu) and Rayleigh No.
(Ra) [21]:
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Nu =

(6.1)

Where, q (W) is the input power to the heat sink, kf (W/mK) is the thermal
conductivity of the fluid (air), Tg (K) is the ambient temperature of the air, Tb (K) is
the temperature of the heat sink base, L (m) is the base plate side length, and (At/Ab)
is the ratio of the total heat sink surface area to the base plate surface area.

The Rayleigh number as defined in chapter 2 is:

va

(6.2)

As described in chapter 2, the heat transfer coefficient can be calculated using from
eqution 6.3. The value h indicates the heat transfer performance of a heat sink.

h^-Nu,
L

6.3

(6.3)

Heat Sinks Used for Processor Cooling
All four heat sinks featured in this section were all taken from Intel Pentium

processors which were in Dell computers. They were tested to determine which
features are best for processor cooling.

The long fm heat sink in figure 6.6 was tested on its own to as a means of determining
the feasibility for using thermal imaging to show the patterns of heat flow in a heat
sink. All that is known about the origins of this heat sink is that it came from either a
Pentium I chip or a first generation Pentium II chip which was in a Dell computer.
There is no other available information relating to the operating specifications of the
processor chip.
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Figure 6.1: Long Fin Heat Sink

Figure 6.7 shows three heat sinks which were used by Dell on Pentium II processors
with clock speeds ranging from 266 MHz to 450 MHz. These three heat sinks were
designed to work under very similar conditions which are outlined in table 6.1. They
all have different features to enable them to cool the processor. Heat sinks 6.7 (a) and
(b) occupy the same volumetric space and have the same number of ribs in the centre
section. The difference between them is that each rib in (a) is a long fin and in (b) its
broken into a column of pins. Less material is used to make the pin heat sink. Heat
sink 6.7 (c) is completely different in size to (a) and (b) occupying less volumetric
space. It is made up of three sections of folded fins of aluminium. It is also much
lighter than the other two heat sinks.

Figure 6.2: Heat Sinks (a) Long Fin; (b) Pins; (c) Folded Fin
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Table 6.1 details the specifications of the particular processors onto which the above
heat sinks were attached. The thermal design power listed in table 6.1 is the maximum
power at which the processor operates. This must be limited to prevent thermal
damage to the chip and to attain acceptable levels of reliability. If the power of a
processor exceeds its power limit, too much heat will be generated which can damage
the processor or reduce its lifespan [45].

Heat Sink

(a) Long Fin

(b) Pin

(c) Folded Fin

Processor

Intel Pentium II

Intel Pentium II

Intel Pentium II

Part No.

SL265

SL28R

SL358

Clockspeed (IVQlz)

266

300

450

38.2

43

27.1

75

72

90

Thermal Design
Power (\V)
Thermal Specification
CC)

Table 6.1: Processor Specifications [3]

6.4

Experimental Setup
Each of the four heat sinks in figures 6.6 and 6.7 were tested individually. A

Peltier/thermoelectric cooler with dimension of 40 x 40mm was placed in the same
position as where the processor was originally located (figure 6.8). This TEC has a
maximum power of 33.4W which is of the same order of the processor power. The
coolers were attached using a thermally conductive adhesive and were powered using
a variable voltage dc power supply. The polarity of the flow was set in such a way
that the air side of the Peltier cooler was the cold side and the heat sink side was the
hot side, resulting in the heat sink being heated.
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Figure 6.3: Thermoelectric cooler attached to heat sink

The heat sinks were placed on wooden legs which protruded out of a wooden base
(figure 6.9). The heat sink stand was made completely of wood to prevent heat from
being conducted away from the heat sink, ensuring that any cooling taking place was
through convection.

Figure 6.4: Wooden Heat Sink Stand

Two K-type thermocouples, with flat disc heads, were placed on each heat sink. One
was placed on the base and the other was placed near the tip of the most centrally
located pin above the Peltier cooler. These were read using a Fluke thermocouple
reader.
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Experimental Procedure
The testing procedure outlined below was applied to all four heat sinks.

Attempts were made to ensure where possible all testing conditions were the same for
each heat sink in horizontal and vertical orientations. One variable which could not be
controlled was the room temperature, but during testing it only varied by ±2°C. The
procedure was as follows:

1. Heat sink was placed on wooden stand in the horizontal position
2. The thermal imaging camera was switched on and given time to cool down
3. Using the alcohol glass thermometer the room temperature was recorded
4. The thermocouple temperatures for the base and fm temperature were
recorded
5. Once the camera had cooled, an image of the heat sink at room
temperature was taken
6. The power supply was switched on and the voltage increased to 15 Volts^
7. When the heat sink temperature increased by approximately 7/8°C, the
supply was reduced to a steady state voltage of 2 Volts^
8. The heat sink base and fm temperatures were allowed to settle to steady
state. The criteria for this was that the thermocouple temperature reading
varied by a maximum of±0.1°C over 10 minutes
9. Once steady state was achieved the voltage, current and thermocouple
temperatures were recorded and a thermal image taken.
10. Steps 6 to 9 were repeated, increasing the steady state voltage by 2 volt
each time up to 14 volts.
11. Steps 3 to 10 were repeated for the other three heats sinks.

After the heat sinks were tested it took them a while to cool down so they were left
cool overnight. Once they had returned to room temperature the plates were tested
vertically using the same procedure as above.
15 Volts is the maximum voltage that can be input to the Peltier cooler
The heat sinks reached steady state much faster if they were heated up to above the steady
state temperature and left cool, rather than leaving them to climb to the steady state
temperature.
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6.6

Experimental Results

6.6.1

Initial Validation of Peltier Cooler

The long fin heat sink tested and analysed in this section is the one shown in figure
6.6. This heat sink was tested to verify that the test procedure was suitable for heat
sinks. It was important that the Peltier/thermoelectric coolers were able to produce
enough power to heat the heat sinks sufficiently for analysis.

Figure 6.10 is a plot of applied power (W) vs. base temperature (°C) for the heat sink
in horizontal and vertical orientation. The x-axis represents the power (W) applied and
the measured temperature (°C) is on the y-axis. Base temperatures range from 23.7°C
at 0 W up to 67.5°C at 16.54 W for the horizontal orientation and from 20.8°C at 0 W
up to 70.3°C at 16.22 W for the vertical orientation. The coolers are rated for a
maximum power of 33.4 W. This confirms that the Peltier coolers are powerful
enough to heat the heat sinks for characteristic testing.

80.0

0.00

2.00

Figure 6.5: Heat Sink Temperature Range
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Figure 6.6: Thermal Image of Long Fin Heat Sink

In order to determine if the thermal imaging camera was calibrated correctly a
thermocouple was attached to the tip of a fm. Every time a thermocouple reading was
recorded a thermal image was also taken. After each image had been taken it needed
to be processed. The first part of processing the image was to place a marker near the
thermocouple to confirm the camera was reading the same as the thermocouple.
Afterwards a section close to where the thermocouple was located was marked out on
the image as seen in figure 6.11. This section gave an average temperature for the fins
captured within its boundaries. All other images and data related to this chapter can be
found in appendix C.l

Six temperature readings in total were recorded. A graph of applied power (W) vs.
recorded temperature (°C) is shown below in figure 6.12. One curve is the recorded
thermocouple temperature at each power level, and the other is the average
temperature of the fins contained in the section near to the thermocouple in the
thermal image.
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Figure 6.7: Comparison of Thermocouple vs. Thermal Image
(Horizontal Heat Sink)

Figure 6.12 is the plot of power (W) vs. temperature (°C) for the heat sink in the
horizontal position. It is clear that there is very little difference in the temperatures
between the thermocouple and the thermal camera throughout the range of
temperatures. The maximum difference is only 0.2°C, which is less than 1%
difference. A similar difference is seen in figure 6.13 with the vertical orientation
results, as the difference is also less than 1%.

40.0

10.0

Figure 6.8: Comparison of Thermocouple vs. Thermal Image
(Vertical Heat Sink)
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The long fin heat sinks ability to spread heat when placed in horizontal and vertical
orientations was demonstrated using the thermal images in figure 6.14 (a) and (b).
Both images show the heat sink with a power input of approximately 16.5 W where
(a) is mounted horizontally and (b) vertically.

70.0-1
65.0
60.0
55.050.0
45.040.0-

(a)

(b)

Figure 6.9: Long Fin Heat Sink @ 16.5 W (a) Horizontal; (b) Vertical

When the heat sink is placed horizontally, the heat spread left and right of the centre is
even with the temperature dropping 5.1% from 70.6°C to 67°C on both sides. Figure
6.14 (b) does not show an even spread of heat from the centre to the top and bottom.
This is to be expected as heat naturally rises. There is a 7% fall in temperature from
the centre to the bottom section of the heat sink, compared to a 2.9% fall from the
centre to the top section. This is caused by the localised heating of the air. As the air
moves naturally up the face of the heat sink it is heated. The hot air at the top of the
heat sink creates a smaller AT between the ambient air temperature and the heat sink
surface temperature so it is not as effective at taking the heat away.

6.6.2

Horizontal vs. Vertical Mounting of Heat Sinks

The three Pentium II heat sinks which are seen in figure 6.7 (a), (b) and (c) were
tested to determine whether they should be mounted horizontally or vertically for
optimum efficiency. Sikka et al. [21] conducted a similar study in which it was
determined that under natural convection the horizontal pin array heat sink had a
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higher heat transfer coefficient than when mounted vertically and the horizontal long
fm heat sink had a lower heat transfer coefficient than when mounted vertically.

The heat transfer coefficient for each power level was calculated for the heat sinks
using the formulae outlined in section 6.2. This value is plotted against the power
input to the Peltier/thermoelectric cooler for the pin array heat sink in figure 6.15. The
graph shows that there is a discrepancy with the method Sikka et al. [21] used to
determine whether the pins or fins are better. When the heat sink is mounted
horizontally the temperature difference between the surface and ambient temperautres
ranged from 0.2K to 42.2K. When the heat sink is switched to the vertical position the
temperature difference increases to between 0.8K and 48.8K. Applying these results
to Newton’s ID heat flow equation (eqn. 6.4) [12], the applied power and the heat
sink surface area is the same horizontally and vertically. This implies that if the
change in temperature (AT) increases then theoretically the heat transfer coefficient
should fall.

q = hAtsJ

(6.4)

This is not consistent with the methods of Sikka et al [21]. The temperature difference
increases but so does the heat transfer coefficient. The calculated improvement in heat
transfer coefficient was between 67% and 72% for the pin heat sink, with the highest
heat transfer coefficient at 32W being 20.76W/m^K.

■0

‘

o

Sikka (H)
*■ Actual (H)
Sikka (V)
•'A'• Actual (V)

15.0

20.0

25.0

Power (W)

Figure 6.10: Pin Array Heat Sink Heat Transfer Coefficient
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In their paper, the side length is the characteristic length used for the Rayleigh and
Nusselt number calculations [21]. A proposal to change this method was reported by
Goldstein et al. [46] where the characteristic length was calculated by dividing the
base plate surface area by the length of the perimeter. This approach to characteristic
length is outlined in chapter five where the heat transfer coefficient is calculated for
heated plates. The equations in section 2.3 suggest that if the temperature difference
between the pin array heat sink and the ambient increases when it is switched from
horizontal to vertical then the heat transfer coefficient should fall by between
approximately 17% to 22%.

20.0

^
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A Actual (H) ^
♦-•Sikka(V)
■A" Actual (V)
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40.0
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Power (W)

Figure 6.11: Long Fin Heat Sink Heat Transfer Coefficient
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Figure 6.12: Folded Fin Heat Sink Heat Transfer Coefficient
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Similar to figure 6.15, figures 6.16 and 6.17 both show that although there was an
increase in temperature change when the heat sink was switched from horizontal to
vertical the heat transfer coefficient also increased. This suggests that Sikka et al. is
not using the now accepted way of calculating the characteristic length, L and
therefore their calculations may be eronous. When the current method of calculation is
used, the results for the long fin and folded fin heat sinks prove that as the temperature
difference increases when

switching from horizontal to vertical the heat transfer

coefficient reduces. These are represented by the black lines in figures 6.16 and 6.17.

Each of the three heat sinks show that the heat sinks have higher heat transfer
coefficients when they are mounted horizontally. The pin array heat sink has a heat
transfer coefficient range of between approximately 17% to 22% higher in the
horizontal orientation with the maximum being 9.38 W/m^K at 34 W. The horizontal
long fin heat sink has a heat transfer coefficient of between 15.5% to 17.6% higher
than the vertical with the maximum being 8.82 W/m^K at 34.7 W. Finally, The
horizontal folded fin heat sink has a heat transfer coefficient of approximately 37%
higher than the vertical with the maximum being 10.11 W/m^K at 31.5 W. Figure 6.18
shows also that not only is each heat sink better when it is mounted horizontally, but
all the horizontal heat transfer coefficients are higher than all the vertical values.

0.00

5.00
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Figure 6.13: Overall Heat Transfer Coefficients
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The results suggest that in all of the above cases a heat sink should be orientated
horizontally when placing it onto a processing chip in a PC where cooling is by
natural convection only. This will provide the most effective cooling.

6.6.3

Direct Comparison of Pin Array & Long Fin Heat Sinks

The results from the two pentium II heat sinks in figure 6.7 (a) and (b) were analysed
and compared directly. They have very similar dimensions and operating conditions
as outlined in table 6.1. The objective here is to determine whether the pin array or
long fin heat sink perform better under natural convection. The folded fm heat is not
included in this section of the study as it has a different shape and operates at a lower
power of 27. IW. The long fm and pin heat sinks operate at 38.2W and 43W
respectively.

30.00

0.00

35.00

40.00

Power (W)

Figure 6.14: Heat Transfer Coefficient for Pin Array and Long Fin Heat Sink

Figure 6.19 shows that the horizontal pin array heat sink has a higher heat transfer
coefficient than the horizontal long fm heat sink. The pin array ranges from
approximately 4.5% to 5% higher than the long fm from between 6W and 35W. The
pin array has a maximum heat transfer coefficient of 9.28 W/m^K while the long fm
has a max of 8.83 W/m K. There is little or no difference in the heat transfer
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coefficient for both heat sinks in the vertical orientation. The long fin heat sink has a
heat transfer coefficient of a maximum of 0.7% higher than the pin array in the
vertical orientation. These trends disagree with the results Sikka et al’s article which
states that the pin array should outperform the long fin heat sink by 15 - 32% in the
horizontal and 4 - 6% in the vertical [21]. A possible explanation for this is that the
pin array and long fin heat sinks used by Sikka et al had identical base areas and total
surface area’s. The long fin heat sink used in this study has a 34% higher total surface
area of 89.566 x lO'^m^ compared to the pin fin surface area of 66.725 x lO'^m^. This
is possibly assisting its heat transfer capability which closes the margins between the
two heat sinks.

It is difficult as a result of the differences in surface area and hence material volume
to compare the two heat sinks accurately based on the standard heat transfer
coefficient. One way of overcoming this problem is to compare them based on their
mass also. This method is only relevant for comparing heat sinks of the same material.
Although the results in Figure 6.19 show that the heat transfer coefficients for the
horizontal are within 5% of each other and the vertical have less than 1% difference, it
must be noted that these two heat sinks have different masses. By dividing the heat
transfer coefficients by the heat sink mass it will be possible to determine a
performance characteristic based on the amount of material used. Figure 6.20 is a plot
of the heat transfer coefficient per unit mass against the input power.
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Figure 6.15: Heat Transfer Coefficient per Unit Mass
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What is now evident from the plot is that the performance values of the heat sinks
have spread out a bit more. Based on its mass the pin array heat sink performs
approximately 19% better above 3W in the horizontal than the long fm heat sink. The
vertical results show that the pin array performs approximately 15% better than the
long fin above 3W. These results have a significant implication on material costs. The
pin array has a mass 15% lower than the long fin heat sink, and performs better
overall. Therefore the material costs for using the pin array are cheaper and a better
performance is obtained. Manufacturing costs are not taken into account. All the heat
sinks are extruded and machined, and without contacting the manufacturer of the heat
sinks it is hard to determine this parameter.

6.7

Conclusions
The main focus of this chapter was to analyse heat sinks to determine if they

performed better when mounted horizontally or vertically and whether a pin array or
long fin heat sink is more efficient. An investigation of other researchers work shows
that some researchers appear to be using different methods of calculating the
characteristic length of a heat sink. The current accepted definition of the
characterisitc length is to divide the surface area by the perimeter length. Other
researchers are still using the older method of just using the side length of the heat
sink. The analysis carried out in this research showed that the current definition agrees
more consistently with the ID heat flow equation [12] and that other methods do not.
Utilising the current definition for the characteristic length, results show that if the
temperature difference between surface and ambient increases then the heat transfer
coefficient decreases and vice versa.

All three heat sinks had higher heat transfer coefficients when they were mounted
horizontally. The pin array performed between 17 to 22% better in the horizontal
orientation than in the vertical orientation. The long fm performed 15.5 to 17.6%
better and the folded fm had a 37% higher heat transfer coefficient when placed
horizontally.
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The final set of results were designed to compare the pin array and long fin heat sinks
directly. They both had a similar design layout and were designed to operate under
very similar conditions. Overall the pin fin when placed horizontally had a higher heat
transfer coefficient than the long fm heat sink by up to 5%. When changed to vertical
the long fin performed less than 1% better than the pin fin. This margin was very
close even though the results agreed with Sikka et al. that the pin array is better than
the long fin in horizontal position. In attempt to distinguish between the results, the
mass of the heat sinks was introduced into defining the characteristic of the heat sink
by dividing the heat transfer coefficient by the mass giving a heat transfer per unit
mass coefficient (W/kgm K). The pin array heat sink had a mass 15.5% lower than
the long fin with each having masses of 0.278kg and 0.329kg respectively. Overall,
the pin array performed 19% better than the long fin horizontally and 15% better
when both were mounted vertically. This suggests that the pin array is a better choice
of heat sink for natural convection based on its heat transfer capabilities and from a
manufacturing point of view as material costs should be lower.
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Discussion
Gordon Moore [1] correctly predicted in 1965 that there would be exponential

growth in the number of transistors that can be placed on a chip of a fixed size. This
had a massive impact on the power being dissipated from a chip. Engineers have spent
years, as a result of this, trying to develop heatsinks which can cope with the rapidly
increasing power densties. Three of the major areas focused on during this thesis were
the computer modelling of various pin shapes, material selection for heat sinks and a
comparison between heat sinks used to cool Intel pentium processors.

Heat sink analysis is a wide and varied area of engineering. During the literature
research nearly every researcher was taking a different approach to optimising heat
sink design. One thing that did become apparent though was that many of them were
moving away from the basics and looking at more technical means of cooling
processors such as intercooling and phase change recirculating systems etc. The
problem with these developments though is that they are more susceptible to failure
and they occupy a lot more room. Failure leads to damaged processors. It is important
that the basics behind heat sink design are not forgotten. It is still possible to
effectively cool processors with a properly designed heat sink and fan.

The natural convection testing of flat plates revealed that the standard correlation
developed by Churchill and Chu [17] for calculating the heat transfer coefficient of a
heated surface is not suitable for plates with small dimensions. The Rayleigh number
for horizontally orientated plates up to the size of the plates used in chapter 5
(75x59x3mm) will only have Rayleigh numbers up to the order of 10^ in a
temperature span of 300 K to 360K. Churchill and Chu’s [17] correlation requires that
the Rayleigh number needs to be a minimum 10"^ of in order to calculate a stable
value for the Nusselt number and hence the heat transfer coefficient. This has an
impact on thermal analysis of printed circuit boards (PCB’s). Many PCB’s will be
smaller than the plates tested and will be placed horizontally into their casings. As a
result of the range of Rayleigh numbers required by Churchill and Chu [17] it is not
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possible to accurately calculate the heat transfer coefficient of PCB’s within their
operating environment.

The use of Peltier coolers for the thermal analysis of the heat sinks in chapter 6 was
very successful. They worked efficiently in converting the electrical power into heat
to heat the heat sinks. Other methods of heating the heat sinks would have been
through the use of rubber heating mats or cartridge resistance heaters. These would
not be ideal as the heat is released from all sides of the heaters, with some loss to the
atmosphere. Insulation around the heaters would have been required to prevent heat
loss to the surroundings. The Peltier coolers do not need insulation as all of the heat is
directed out one side of the component. It was also possible to use a cooler which was
approximately the same size as a processor, making the testing phase more
comparable to what happens when the heat sink is attached to a processor in a PC.

7.2

Conclusions

CFD (Computational Fluid Dynamics) software was used to model various pin shapes
for analysis. The first analysis was to study the proximity effects of one pin on
another. The four shapes modelled were circle, square, ellipse and teardrop. Shielding
is one of the major effects which one pin can have on another. The ellipse was the
most streamlined shape and as a result had minimal shielding effects with both pins
having approximately 50% surface contact with the moving air. The best example of
shielding was seen with the square. Once the moving air hit the leading edge of the
first pin it was deflected completely away from the second pin.

Aligned and staggered pin arrays were also studied using CFD. Each shape was set up
in a 25 pin aligned array and a 23 pin staggered array to determine which shape and
arrangment provided the most optimum cooling performance. The teardrop was also
modelled with the tail end facing into the flow of air. Based on the average
temperature of all the fins in each array the aligned pins yielded lower temperatures,
except for the ellipse and reverse teardrop, which had lower temperatures for the
staggered array. Based on the central pin temperatures, the staggered pin arrays
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yielded the lowest temperatures for all shapes. Out of all the shapes the ellipse and the
reverse teardop fins had the lowest pin temperatures for both the average and central
pin analysis providing the most optimal performances for cooling. The staggered
ellipse showed a “front row to back row” temperature rise of 38.2%. This was the
lowest change out of all the shapes and arrangements. The square was highest with a
65% increase front to back. This is important as it shows that there is more uniform
heat spreading in the ellipse array. This is useful for determining if a heatsink is
efficiently using all the pins which are mounted on it.

An experimental investigation was carried out on flat cooling plates to determine
whether they were most effective for heat transfer when mounted horizontally or
vertically and to investigate why aluminium is the most commonly used material for
heat sinks

Flat cooling plates of the dimensions 75x50x3mm made from aluminium, copper,
mild steel and stainless steel were heated using rubber heating mats of the same length
and width. Using Churchill & Chu’s [17] correlation for determining the Nusselt
number, the heat transfer coefficient was calculated for each plate for a range of
values. The plates were cooled using natural convection. It was not possible however
to determine whether the plates had better heat transfer capabilities when mounted
horizontally or vertically. The Nusselt numbers for the horizontal plates were found to
be unreliable as the Raleigh numbers didn’t meet the criteria for the equation to
calculate the Nusselt number. The range for the Raleigh number needed to be 10"^ to
10 , but the horizontal plates only had a Rayleigh number in the order of 10 . Larger
plates are needed if the comparison between horizontal and vertical cooling plates is
to be made.

The four plates of different materials were compared to each other at first using their
respective heat transfer coefficients for a range of power inputs. This comparison gave
no information as to which material had the better performance because all four
metals had the exact same heat transfer coefficients. This is because the equations do
not take into consideration the type of material being used. A performance indicator
needed to be derived. This was done by dividing the heat transfer coefficients by the
density of each material giving a performance value with the units Wm/kgK. Using
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this value it became clear why Aluminium is the most suitable material for heat sinks.
It had a performance value of between approximately 88.5 and 242.7 Wm/kgK. The
other three materials had performance values which were only one third of this range.
Other considerations were material costs with aluminium being much cheaper per kg
than copper and stainless steel. Mild steel is cheaper per kg than aluminium, however
it is much heavier and more difficult to machine than aluminium.

Three heat sinks were tested in natural convection to determine, like the plates,
whether they perform better with the base mounted horizontally or vertically. Peltier
coolers were used in the place of actual computer processors to heat the heat sinks.
The three heat sinks tested were a pin heat sink, a long fm heat sink and a folded fin
heat sink. In all three cases the heat sinks performed better when they were mounted
horizontally. The pin heat sink had a 17 to 22% higher heat transfer coefficient, the
long fm heat sink had a 15.5 to 17.6% improvement, while the folded fm heat sink
performed 37% better mounted horizontally. Unlike the flat plates these heat sinks
had the correct range of Rayleigh numbers for calculation due to the larger surface
areas.

Based on Sikka et al’s [21] work the pin fm and long fm heat sinks were compared
directly to each other to answer whether the long fm or pin was better. Differing from
Sikka et al. [21], more conventionally accepted methods of calculating the
characteristic length were used to determine if Sikka et al’s results still held, i.e. that
pin is better than long fin. The two heat sinks can be compared directly as they both
came off very similar processing chips and occupy the same volumetric space in a
computer. Test results showed that the pin heat sink performed better than the long fm
heat sink in both horizontal and vertical orientations. The pins had a 5% higher heat
transfer coefficient horizontally and a little less than 1% higher vertically. This agrees
with Sikka et al’s paper [21].

One major difference between the heat sinks though was their mass. The pin heat sink
had a 15.5% lower mass than the long fm heat sink. A performance value was derived
to quantity this difference in the heat sinks. The heat transfer coefficients of each was
divided by the heat sink mass giving a heat transfer coefficient per unit mass value
with units W/kgm^K. Based on this value the pin heat sink had a 19% higher heat
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transfer ceofficient per unit mass value than the long fin when mounted horizontally.
It also has a 15% higher value when they are both mounted vertically. Overall, out of
the two heat sinks, the pin array heat sink was the optimum solution. It had better heat
transfer capabilities than the long fm heat sink when orientated horizontally and
vertically. It also uses less material which has an impact on material costs.

7.3

Recommendations

The CFD modelling undertaken in chapter 3 showed the effect of using different fm
shapes with the ellipse and reverse teardrop being potentially promising pin designs
for heat sinks. The analysis on the pins however was only a 2D analysis and doesn’t
describe fully what is happening with the flow. It is recommended that for future
research the 3D modelling of the elliptical and reverse teardrop be undertaken to
confirm that they are potentially very efficient heat transfer shapes. One problem with
3D modelling though is that it is very complex and very system demanding when
running the simulations.

The natural convection testing of the three heat sinks in chapter 6 showed that the best
way to mount a heat sink, whether pin, fm or folded fm, is horizontally. Also with
natural convection, and in agreement with Sikka et al., the pin heat sink is better than
the long fm. In more modern PC’s, most heat sinks are, at the least, fan assisted. An
experimental forced convection testing of the same heat sinks should be carried out to
see if the same results apply.
A final suggestion is that, if the 3D modelling of the the elliptical and teardrop pin
heat sinks showed interesting and promising results, a prototype of each should be
built and tested in the wind tunnel and compared to conventional pin and fm shapes to
determine if they are feasible for use as actual heat sinks.
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A.2

Shape Analysis of Two Heated Pins In Flow

Figure A.4 shows an example of the temperature profiles for two ellipse pins in flow
with a pin spacing of 3, 6, 9 and 12mm. The volumetric power input was 4x10^
W/m^. The air velocity for this model was 0.5 m/s. The air velocity profile which
corresponds to the temperature profiles in figure A.4 can be seen in figure A.5. All
images were modelled using symmetry. The images corresponding to the circle,
square and teardrop can be found on the CD located in the back cover of this thesis in
the folder 'Appendix A\A2\

(a) 3mm

(b) 6mm

(c) 9mm
(d) 12mm
Figure A.4: Temperature Profile of 2 Ellipse Pins in Flow

(a) 3 mm

(b) 6mm

(c) 9mm
(d) 12mm
Figure A.5: Velocity Profile of 2 Ellipse Pins in Flow
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Table A.l contains the results from the modelling of two heated pins in flow with pin
spacings of 3, 6, 9 and 12mm for all four shapes described in chapter 3.

Pin
Spacing
(mm)
3
6
9
12
Pin
Spacing
(mm)
3
6
9
12

Circle Temperature (K)
Pin 1
325.90
324.90
324.40
324.10

Pin 2
344.30
341.40
339.50
338.30

Ellipse Temperature (K)

Square Temperature (K)
Pin 1
329.87
328.74
327.82
326.77

Pin 2
352.36
349.97
350.20
349.61

Teardrop Temperature (K)

Pin 1
Pin 2
Pin 1
Pin 2
322.27
334.85
326.40
346.30
335.84
322.03
326.10
346.20
321.72
334.73
325.70
345.30
334.00
321.51
325.20
343.90
Ta ble A.l: Pin Temperatures or Varied Pin Spacing

Pin Spacing
(mm)

Temperature Difference AT (K)

Circle Square
18.40
3
22.49
6
16.50
21.23
9
15.10
22.38
12
22.84
14.20
Table A.2: Temperature Difference Between

Ellipse Teardrop
12.58
19.90
13.81
20.10
13.01
19.60
12.49
18.70
Pins for Varied Pin Spacing
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Aligned and Staggered Pin Arrangement Analysis

Figure A.6 (a) and (b) show the images of a bank of aligned circular pins with a
volumetric power input of 4 x 10^ W/m^ and an air velocity of 4 m/s. Figure A.6 (a)
represents the temperature profile and (b) represents the velocity profile. Figure A.7
(a) and (b) shows the same information for a staggered bank of pins. Both figures are
modelled using symmetry. A complete set of images for all four shapes at airspeeds of
0.5, 1, 2, 3 and 4 m/s, both aligned and staggered, can be found on the CD located in
the back cover of this thesis in the folder 'Appendix A\A3\

(a) Temperature
(b) Velocity
Figure A.6: Aligned Bank of Circular Pins

(a) Temperature
(b) Velocity
Figure A.7: Staggered Bank of Circular Pins
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Aligned and Stagged Pin Temperatures

Below are the graphs of the temperatures of the pins for the circle, square, ellipse,
teardrop and reverse teardrop, aligned and staggered models. The data used to
generate these graphs can be found on spreadsheets on the CD located in the back
cover of this thesis in the folder' Appendix A\A4\

Pin Location

Figure A.8: Circle Central Line Pin Temperatures

Pin Location

Figure A.9: Square Central Line Pin Temperatures
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Figure A.IO: Ellipse Central Line Pin Temperatures

Pin Location

Figure A.ll: Teardrop Central Line Pin Temperatures

Figure A.12: Teardrop Central Line Pin Temperatures
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Flat Plate Testing

Thermal Analysis of Flat Plates

There are two images in this section which show the type of thermal image which was
captured during the thermal testing of flat plates. Figure B.l shows an aluminium and
copper plate lying horizontally with a heat flux input of 624 W/m^ going into each
plate. The black box around the plate is the tool which was used within the thermal
imaging software to determine the average plate temperature. Figure B.2 shows a mild
steel and stainless steel plate mounted vertically with a heat flux input of 576 W/m

2

going into into each plate. The entire collection of thermal images captured during
testing can be found in the folder 'Appendix B\Br on the CD in the back cover of this
thesis. Also in the same folder is the spreadsheets used to tabulate the emissivity test
results and the calculation of the heat transfer coefficients of each plate.
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Figure B.l: Horizontal Aluminium & Copper Plates
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Figure B.2: Vertical Mild Steel & Stainless Steel Plates
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Heat Sink Analysis

Long Fin Heat Sink

Figures C.l and C.2 show thermal images of a the long fm heat sink which can be
seen in figure 6.6 in chapter 5. The heat sink is mounted horizontally in figure C.l and
vertically in figure C.2. The heat flux from the peltier cooler is . A thermal image was
taken for each data point recorded during testing for both the horizontal and vertical
mounting. These images along with a results spreadsheet can be found in the folder
"Appendix C\Cr on the CD in the back cover. Also in that folder is the thermal
images and results spreadsheet from the testing of the three heat sinks tested for
comparison in section 5.7.2 and 5.7.3.
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150.0 75.0
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Figure C.l: Thermal Image of Horizontal Heat Sink
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Celsius
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Figure C.2: Thermal Image of Vertical Heat Sink
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